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ABSTRACT 
 
 
Nowadays due to global competition, manufacturing industries must provide high quality 
products on time and within the cost constraints to remain competitive. High quality 
mechanical parts include those with better surface finish and texture, dimension and form 
accuracies, reduced tensile residual stress and burr-free. The burr formation is one of the 
most common and undesirable phenomenon occurring in machining operations, which 
reduces assembly and machined part quality. Therefore, it is desired to eliminate the burrs or 
reduce the effort required to remove them. Amongst machining operations, slot milling has a 
more complex burr formation mechanism with multiple burrs appear in machined part edges 
with non-uniform dimensions. The ultimate goal of this research work is burr minimization 
in slot milling operation. To this end, new strategies for understanding, modeling and 
optimizing burrs during slot milling of aluminum alloys are proposed for improving the part 
quality and ultimately reducing the non-value added expenses caused by deburring processes.  
 
In order to have a better understanding of slot milling burr formation mechanism, multi-level 
experimental studies and statistical methods are used to determine the effects of machining 
conditions, tooling and workpiece materials on burrs size (height and thickness) when using 
dry high speed condition. It was found that optimum setting levels of process parameters to 
minimize each burr are dissimilar. The analysis of results shows that cutting tool, feed per 
tooth and depth of cut have certain level of influence on slot milling burrs. However most of 
the burrs are strongly affected by interaction effects between process parameters that 
consequently complicate developing burr size prediction models.  
 
An analytical model is proposed to predict the thickness of the largest burr during slot 
milling of ductile materials. The model is based on the geometry of burr formation and 
continuity of work at the transition from chip formation to burr formation, which also takes 
into account the effect of the cutting force involved in the machining process. A 
computational model is also developed to predict the exit up milling side burr thickness 
based on the use of cutting parameters and material properties such as yield strength and 
specific cutting force coefficient, which are the only unknown variables in the model. Both 
analytical and computational models are validated using experimental results obtained during 
slot milling of 2024-T351 and 6061-T6 aluminium alloys. 
 
Machining parameters optimization to minimize the burr size could have a negative impact 
on other machining performance characteristic, such as surface finish, tool life and material 
removal rate. Therefore, surface finish is also investigated with burr formation in this 
X 
research work. For simultaneous multiple responses optimization, a new modification to the 
application of Taguchi method is suggested by proposing fitness mapping function and 
desirability index. The proposed modification is validated by simultaneous minimization of 
surface roughness and thickness of five burrs during slot milling of 6061-T6 aluminium 
alloy. The optimization results demonstrate the potential and capability of the proposed 
approach.  
 
Key words: slot milling, aluminium alloy, burr, analytical modeling, machining conditions, 
optimization. 
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RESUME 
 
 
De nos jours, en raison de la compétition mondiale, les industries manufacturières doivent 
produire des pièces de qualité élevée et à temps pour demeurer compétitives. Les pièces 
mécaniques de qualité incluent celles ayant un meilleur fini de surface et une meilleure 
texture, une bonne précision de forme et dimensionnelle, des contraintes résiduelles réduites 
et des pièces sans bavures. La formation de bavures, l’un des phénomènes indésirables 
courants rencontrés lors des opérations d’usinage, réduit la qualité des pièces usinées et celle 
des assemblages. Par conséquent, il est désiré d’éliminer les bavures ou de réduire l’effort 
requis pour les enlever.  
 
Parmi les opérations d'usinage, le rainurage est une opération du fraisage provoquant des 
mécanismes de formation de bavures plus complexes. Ainsi de multiples bavures 
apparaissent dans une partie des bords usinés avec des dimensions non uniformes. Le but 
ultime de ce travail de recherche est la minimisation des bavures en opération de rainurage. À 
cette finalité, de nouvelles stratégies sont proposées pour la compréhension, la modélisation 
et l'optimisation des bavures pour le rainurage  des alliages d'aluminium, afin d’améliorer la 
qualité des pièces et la réduction des coûts occasionnés par les processus d'ébavurage. 
 
Afin de mieux comprendre les mécanismes de formation des bavures au rainurage, des études 
statistiques basées sur des plans d’expériences multi-niveaux sont utilisés pour déterminer les 
effets des conditions de coupe, de l’outil et des matériaux usinés sur la taille des bavures 
(hauteur et épaisseur) pendant le fraisage à haute vitesse des alliages d’aluminium. Il a été 
trouvé que les conditions optimales d’usinage permettant de minimiser chacune des bavures 
diffèrent d’une bavure à l’autre. L’analyse des résultats montre que l’outil de coupe, l’avance 
et la profondeur de coupe ont une influence variable sur la taille des bavures formées lors du 
rainurage. Cependant, la plupart des bavures sont fortement influencées par les interactions 
entre les paramètres des procédés, ce qui complique d’avantage le développement des 
modèles de prédiction des bavures. Ces résultats peuvent aider pour des travaux subséquents 
portant sur le fraisage de précision des alliages d’aluminium ou d’autres alliages légers. 
 
Ensuite, un modèle analytique est proposé permettant de prédire l’épaisseur des bavures lors 
du fraisage des matériaux ductiles. Ce modèle est basé sur la géométrie de la bavure lors de 
la transition entre la formation des copeaux et la formation des bavures au cours de l’usinage 
et qui prend en compte l’effet de l’énergie de coupe impliquée dans le procédé.  Un modèle 
numérique est aussi développé permettant de  prédire l’épaisseur de la bavure de sortie en 
fraisage basé sur les paramètres de coupe et les propriétés du matériau telles que la limite 
XII 
d’élasticité et les coefficients des forces spécifiques de coupe, qui sont les seuls inconnus 
dans le modèle. Les deux modèles (analytique et numérique) sont validés en utilisant les 
résultats expérimentaux obtenus lors du rainurage des alliages d’aluminium 2024-T351 et 
6061-T6. 
 
L’optimisation des paramètres d’usinage pour minimiser la taille des bavures peut avoir des 
effets négatifs sur d’autres caractéristiques de performance d’usinage tels que le fini de 
surface, la vie des outils de coupe et le taux d’enlèvement de métal.  C’est la raison pour 
laquelle  le fini  de surface est aussi analysé en même temps que la formation des bavures 
dans cette étude.  Pour sélectionner les meilleurs niveaux des paramètres du procédé 
d’usinage, une nouvelle méthode basée sur les surfaces de réponses et sur les fonctions de 
désirabilité est proposée et utilisée. La méthodologie proposée est validée sur la minimisation 
simultanée du fini de surface et de cinq types de bavures pendant le fraisage de l’alliage 
d’aluminium 6061-T6. Les résultats de cette optimisation démontrent le potentiel et la 
performance de la méthode proposée. 
 
Mot-clés: rainurage, aluminium, bavure, modélisation, conditions d’usinage, optimisation. 
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 INTRODUCTION 
 
As manufacturing processes become advanced, precision components require more attention 
for both surface and edge generation. More precise and burr-free components with tight 
tolerances and better surface finish are being requested. This is especially true in aerospace 
and automobile industries. High quality products must be precisely manufactured according 
to design specifications and at low manufacturing costs. To fulfill these requirements, the 
manufacturing process should be well understood and its parameters optimized.  
 
A phenomenon similar to chip generation is burr formation, which is a common problem that 
occurs in several industrial sectors, such as aerospace, ship construction, automobile, etc. It 
has also been among the most troublesome impediments to high productivity and automation, 
which largely affects the machined part quality. Therefore it is beneficial to limit the burr 
formation rather than deburring in subsequent finishing operations. In fact, deburring is 
expensive, time consuming and is considered as a non-productive operation. Throughout 
intensive research works during the last decades, the knowledge on the mechanisms of burr 
formation and deburring is understood to a good extent, followed by introduction of 
comprehensive and integrated strategies for burr prevention and minimization. Despite of all 
achievements, there are still many challenges on understanding, modeling and optimization 
of burr formation process and size, by means of burr size minimization and consequently 
production growth and cycle time reduction. 
 
Defining the problem  
 
The burr formation process seems to be simple, but in fact, it is a highly complex 
phenomenon, involving many independent parameters that make the understanding of the 
burr formation mechanism more complicated. Most factors such as work part, tool, process 
and cutting conditions can have direct effects on burr formation. Other involved factors are 
machining instability due to vibrations, fluctuation of cutting forces and tool state (e.g. builds 
up edge formation, tool wear). Due to non-uniform chip thickness, tool runout and complex 
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interaction effects between cutting process parameters, the milling burr formation has a 
relatively complex mechanism than other machining modes, such as turning.  
 
The main concerns when dealing with edge finishing are burr minimization and control and 
proper selection and automation of deburring operations. To avoid these undesirable 
expenses, burr size minimization and control are key factors. The burr size minimization or 
effectively burr prevention can be done through proper understanding of the basic 
mechanisms of burr formation and then studying the optimum cutting parameters. However it 
is a complicated task as burr formation is remarkably influenced by direct and interaction 
effects between process parameters. 
 
One other approach for burr size minimization is to develop predictive models of burr size. 
To this end, the use of analytical and numerical methods is welcomed. Amongst numerical 
methods, finite element method (FEM) is a reasonable approach to model the metal cutting 
and burr formation processes (Toropov and Ko, 2006). Currently, the FEM is used to model 
the effects of cutting processes and process parameters on thermal and dynamic aspects of 
machining operations, computational assessment of tool and machined part geometry, 
residual stress, tools wear, chip and burr formation mechanism (Bansal, 2002). The main 
disadvantage of FE-burr formation models is that the obtained results are highly affected by 
the accuracy of input boundary conditions, which are not yet advanced and, therefore, are 
usually simplified. In addition, the results are dependent to software applied, time consuming 
and they usually require further experimental data for model (Niknam and Songmene, 2013). 
 
Amongst machining operations, a few studies (Chern and Dornfeld, 1996; Ko and Dornfeld, 
1996; Ko and Dornfeld, 1991) on analytical modeling of milling burr formation have been 
reported. Hence, most of the previous investigations have employed experimental approaches 
(Chern, 1993; Gillespie, 1976; Rangarajan and Dornfeld, 2004; San-Juan, Martín and Santos, 
2010; Tsann-Rong, 2000). Amongst reported works on milling burr size modeling, none of 
them have dealt with slot milling burrs. Therefore, developing predictive models to simulate 
slot milling burrs size (mainly burr thickness) using material properties and cutting 
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parameters with no need to measure the burrs is certainly recommended. Special 
concentration should be paid to ductile materials such as aluminium alloys, which have a 
wide range of applications in automotive and aerospace industries.  
 
As per author's knowledge, surprisingly except few works (Chen, Liu and Shen, 2006; Mian, 
Driver and Mativenga, 2011b; Tang et al., 2011), very low volume of information is also 
available on factors governing slot milling burr formation. This is due to complex mechanism 
of slot milling burrs that involves three modes with various shapes and geometries as feed 
direction burrs (entrance and exit burrs), sideward and cutting direction burrs, which appear 
in eight edges of the machined part. Furthermore, most of the existing research works in 
literature characterize the burr height, while from deburring perspective, the burr thickness is 
more of interest, because it describes the time and method necessary for deburring a 
workpiece (Aurich et al., 2009). Furthermore, only few studies (Lekkala et al., 2011; Mian, 
Driver and Mativenga, 2011b) used statistical tools to determine the dominant process 
parameters on milling burr formation.  
 
In most of the machining operations more than one type of burr occurs. Optimizing those 
factors leading to minimal burr size could have detrimental effects on other machining 
performance index, such as surface finish. Thus the use of appropriate techniques for 
simultaneous multiple responses optimization is certainly recommended. According to 
(Dhavamani and Alwarsamy, 2011), Fuzzy logic (FL), genetic algorithm (GA), Neural 
Network (NN), Taguchi method and response surface methodology (RSM) are the latest 
optimization techniques that are being applied successfully in industrial applications. 
Amongst, Taguchi-based optimization and desirability function have produced a unique and 
powerful optimization discipline that differs from traditional techniques (Phadke, 1989). The 
original Taguchi method is designed to optimize a single response (Gaitonde, Karnik and 
Davim, 2009), while most of the products have multiple performance characteristics. 
Optimization of multiple responses in Taguchi-style experiments has received little attention, 
because Taguchi design can not be applied directly, as each performance characteristic may 
not have the same measurement unit. Hence, it is essential to propose new modifications to 
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original Taguchi method for multiple responses optimization, as limited modifications have 
been suggested so far (Kilickap, 2010).  
 
Research objectives  
 
The goal of this research project is to propose new strategies for understating, modeling and 
optimizing burrs during slot milling of aluminium alloys. The ultimate goal of this work is 
burr size minimization.  
 
The specific research objectives can be summarized as follows: 
 
1. To investigate the factors governing burr formation during slot milling of aluminium 
alloys. 
2. To adapt and validate predictive models of burr size when milling ductile materials. 
3. To suggest and validate new modifications to application of Taguchi method for 
simultaneous multiple responses optimization during milling operation.  
 
Structure of thesis 
 
This thesis consists of five chapters. It starts with an introduction, followed by chapter one on 
literature review, three other chapters on various research tasks, and a chapter on substantial 
summary of the work presented, which links the outcomes of each chapter to proposed 
research objectives. Finally some conclusions, recommendations and future plans will be 
presented. The experimental conditions and parameters used in this research work are 
presented at the beginning of each chapter.  
 
The thesis is organized as follows:  
 
Chapter 1 presents a comprehensive overview on burr formation mechanism, prediction, 
minimization and removal. Special focus is paid to milling burrs characterization, modeling 
and minimization. This chapter also includes a review of burr size measurements and 
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detection methods. An overview of optimization methods is presented, followed by a 
conclusion of the literature review. 
 
Chapter 2 presents a set of experimental works to understand the formation mechanism and 
dominant process parameters on five visible and large burrs during slot milling of 2024-T351 
and 6061-T6 aluminium alloys (AAs). The factors investigated include the workpiece 
material, cutting tool coating and geometry, and machining parameters.  
 
Chapter 3 presents an analytical model of milling burr size (thickness) in ductile materials 
based on the geometry of burr formation and the theory of energy conservation. A 
computational model is also adopted and validated to predict the thickest milling burr along 
exit up milling side. This model only requires the use of material properties and cutting 
parameters to predict the burr thickness.  
 
Chapter 4 proposes new modifications and applications of Taguchi method for correct 
selection of optimum setting levels of process parameters for multiple responses 
optimization. The proposed approach is validated by simultaneous minimization of burrs size 
and surface finish in slot milling of AA 6061-T6.  
 
Chapter 5 presents a substantial summary of research work presented in chapters 2-4. It 
allows linking the outcomes of this work and the previous studies, and helps clarifying 
certain aspects and shortcomings that were identified in the problematic and research 
objectives. The discussion also shows the achievements of this research work on improving 
certain aspects of science related to burr size minimization during slot milling of aluminium 
alloys. 
 
Finally, some concluding remarks and recommendations will be presented. 
 
 

 CHAPTER 1 
 
 
LITERATURE REVIEW 
1.1 Introduction 
Aluminium alloys are among the most machined metals. Machining of aluminium alloys 
features substantially higher cutting speeds and considerably lower cutting forces, as 
compared to that of steel (Zedan, 2011). The common alloying elements for aluminium are 
copper, silicon, manganese, zinc and tin. They are also classified as wrought or cast alloys 
depending on the processing used.  
 
The major machinability assets related to aluminium alloys include tool life, chip 
characteristics, chip disposal, surface finish and burr formation. When proper conditions such 
as sharp cutting tools are used, aluminium alloys acquire a fine finish, thereby minimizing 
the necessity of protracted deburring and polishing operations. Burr formation is the main 
reason for tool change in milling of aluminium alloys (Rangarjan, 2005). Therefore, there is a 
growing need for minimizing burr formation that allows the use of cutting tools for a longer 
period of time and producing parts of higher quality. This led us to conduct research studies 
on understating, modelling and optimizing burrs size in slot milling of aluminium alloys.  
 
1.2 Definition and characterization of burr 
 
In current industry, there are still many concerns on workpiece geometries generated by 
industrial instruments. One of the main concerns is known as ‘Burr’.  
According to (Aurich et al., 2009, p. 2): 
 
 “Burr is a body created in a workpiece surface during the manufacturing 
of a workpiece, which extends over the intended and actual workpiece 
surface and has slight volume in comparison with the workpiece, 
undesired, but to some extent, unavoidable”. 
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Gillespie’s burr definition (Gillespie, 1996) is limited to cutting and shearing processes. In 
his definition, all the materials extending pass the theoretical intersection of machined part 
surfaces correspond to burr (see Figure 1.1). 
 
Burr Burr
Burr
Theoretical workpiece edge
 
 
Figure 1.1 Examples of burr definition  
(Gillespie, 1996) 
 
ISO 13715 defined the edges on a workpiece as burr (see Figure 1.2), if they have an 
overhang greater than zero (Aurich et al., 2009).  
 
 
 
Figure 1.2 Burr definition by ISO 13175 
 (Aurich et al., 2009) 
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As can be seen in Figure 1.3, to better describe the burr, a new term called as “burr value” 
was defined in (Schäfer, 1975). It contains the burr root thickness (bf), burr height (h0), burr 
thickness (bg) and burr root radius (rf). The burr root thickness (bf) is the thickness of the burr 
root area measured in the cross-section. The burr height (h0) is defined by the distance 
between the ideal edge of the workpiece and the highest point in the cross sectional area. The 
burr root radius (rf) is determined by positioning a circle to the burr root. The burr thickness 
(bg) describes the thickness parallel to the burr root area at a distance of (rf), as measured in 
the cross-section (Schäfer, 1975). The burr height and thickness are used to determine the 
tool replacement and schedule and also burr removal difficulties (Rangarjan, 2005). However 
the longitudinal profile of the burr is not highly informative in most cases, as it is rarely used 
to describe burrs. In addition it seems that the burr value can not be also used as an efficient 
parameter to better select the deburring method. 
 
 
 
Figure 1.3  Measurement values of burr  
(Schäfer, 1975) 
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1.2.1 Burr formation mechanism  
 
Pekelharing (1978) was the first person who described burr formation mechanism in metal 
cutting. He presented that negative shear is responsible for exit failure of cutting tools and 
root type burrs in milling (see Figure 1.4). The first fundamental work on burrs was 
published in (Gillespie, 1976). He developed an analytical model to illustrate burr formation 
mechanisms, which could predict burr properties.  
 
 
 
Figure 1.4 Micrograph of the chip root showing the exit failure,  
negative shear and foot formation (Pekelharing, 1978) 
 
Sofronas (1975) was among the first researchers who studied the burr formation mechanism. 
He stated that burrs are in general a result of plastic deformation flow during cutting process. 
Gillespie introduced six physical processes leading to burr formation (Gillespie, 1999): 
1. Lateral flow of material (it occurs whenever a solid is compressed); 
2. Bending of material (e.g. chip rollover); 
3. Tearing of chip; 
4. Redeposition of material; 
5. Incomplete cut-off ; 
6. Flow of material into cracks; 
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According to (Gillespie, 1999), processes 1-3 involve plastic deformation of the machined 
part. Flow of material into crack in sixth process happens during burr formation in molding 
or primary shaping. Burr formation mechanism in orthogonal cutting can be divided into 
three stages: (1) initiation, (2) burr development and (3) final burr formation. Initiation of 
burr formation is characterized by the “negative deformation angle” denoted as βo, and the 
initial tool distance of the tool tip A from the end of workpiece, ω (see Figure 1.5(a)). Iwata 
et al. (1984) called AB as “negative deformation plane”. Nakayama and Arai (1987) have 
proposed a simple model of burr formation mechanism that includes the following three 
stages: (1) initiation, (2) transition and (3) push-out stage. Chern and Dornfeld (1996) 
proposed a model based on SEM observations of micro machining tests, which could 
perfectly predict the burr breakout.  
 
 
 
Figure 1.5 Burr/breakout formation model (Iwata, Osakada and Terasaka, 1984): 
(a) initiation, (b) development and (c) final burr formation 
 
According to (Hashimura, Hassamontr and Dornfeld, 1999), the burr formation mechanism is 
affected by mechanical properties of the workpiece, in addition to cutting conditions, such as 
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tool and workpiece geometry. This largely varies the burrs shape, locations and generation 
sources, especially when changing the workpiece. Therefore, the importance of burrs 
classification is evolved. Hashimura et al. (1999) classified the individual stages of burr 
formation for ductile and brittle materials (see Figure 1.6). From a certain stage of his model 
(stages 6-8), the burr formation is considered separately for ductile and brittle materials (see 
Figure 1.6). Stages 1–5 explain burr development without crack and stages 6–8 describe chip 
separation by crack propagation for ductile and brittle materials. In stage 6-I, crack initiates 
at the tool tip in the primary shear zone in a direction along the cutting line in ductile 
materials, which causes crack growth along primary shear zone (stage 7-I). The crack causes 
chip separation along the cutting line, therefore positive burr remains on the corner of the 
workpiece.  
 
 “The crack initiates at the tool tip in the negative shear zone and its 
propagation direction is towards the pivoting point (stage 6-II) in brittle 
materials. The induced crack in secondary shear zone causes chip separation 
from the workpiece. In stage 7-II, the crack grows along the negative shear 
zone. Moving along the cutting line, the tool induces crack growth and the 
crack mode may vary from shearing mode to opening mode. The workpiece 
edge also deforms slightly due to crack propagation. Stage 8-II indicates the 
end of burr formation in brittle materials. The crack separates the chip along 
with the part of the workpiece above the negative shear line. As a result, an 
area consisting of the fractured surface and a small amount of deformed 
material remains on the workpiece edge. In this case, the burr breaks out and 
is called a negative burr”(Aurich et al., 2009, p. 7). 
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Figure 1.6 Burr formation mechanism in ductile and brittle materials  
(Hashimura, Hassamontr and Dornfeld, 1999) 
 
1.2.2 Burr shapes  
 
Nowadays, there are several burr descriptions depending on application, manufacturing 
process, formation mechanism, shape and material properties (Aurich et al., 2009). Gillespie 
(1996) defined four main types of machining burrs as follows: Poisson burr, Rollover burr, 
Tear burr and Cut-off burr (see Figure 1.7). The Poisson burr is a result of the material’s 
tendency to bulge to the sides when it is compressed until the incidence of permanent plastic 
deformation (Nisbet and Mullet, 1978). Narayanaswami and Dornfeld (1994) called this 
phenomenon as side burr, because, according to engineering mechanics, “Poisson effect” is 
only present in the elastic range. The rollover burr is essentially a chip which is bent rather 
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than sheared resulting in a comparatively large burr. This type of burr is also known as an 
exit burr, because it is usually formed at the end of a cut. The tear burr is the result of 
material tearing loose from the workpiece rather than shearing clearly. It is similar to the burr 
formed in punching operations. The cut-off burr is resulted by workpiece separation from the 
raw material before the separation cut is finished (Gillespie, 1976). 
 
 
 
Figure 1.7  Schematic of Poisson, Tear and Rollover burr  
(Gillespie, 1996) 
 
Two types of burrs known as primary and secondary burrs were introduced by Kishimoto et 
al.(1981).  
 
 “Through proper selection of cutting conditions and tool geometry, the 
rollover burr will be separated at its thinnest portion, and only a small burr 
will remain on the edge of the machined part”(Aurich et al., 2009, p. 7).  
 
According to (Aurich et al., 2009), the former and latter burrs are known as primary and 
secondary burrs, respectively. Beier (1999) described a secondary burr as remaining material 
at the edge of a part after deburring process. From (Aurich et al., 2009), secondary burrs 
formed after the breakage of the primary burrs. However, they are smaller than depth of cut, 
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while primary burrs are larger (Kishimoto et al., 1981). Nakayama and Arai (1987) studied 
side burrs through experimental investigations. They described the burr formation in various 
machining processes by combining two classification systems as: (1) by direct concerning of 
cutting edge; (2) by mode and direction of burr formation. The various types of machining 
burrs are shown in Figure 1.8. 
 
(1) Cutting edge directly concerned  
Major cutting edge M 
Corner or minor cuttign edge C 
(2) Mode of the diection of formation  
Backward flow B (Backward or entrance flow) 
Sideward flow S (Sideward burr) 
Forward flow  F (Forward or exit burr) 
Leaning to feed direction L (Leaned burr)  
(a)  
Face milling, planning, shaping Drilling 
(b)  
 
Slotting Turning 
 
Figure 1.8  Types of machining burr  
(Aurich et al., 2009) 
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1.2.3 Burr size measurement and detection methods  
 
Due to the vital role of product quality, more attention has been paid to burr size 
measurement methods with particular attention on burrs geometrical characterization. The 
correct selection of burr size measurement methods depends on a number of factors such as 
the desired level of quality and requested measurement accuracy. However, according to 
(Aurich and Publica, 2006), over 71% of the interviewed companies still use the finger nail 
test for burr detection. 
 
Three main burr size measurement systems are as follows:  
• Mechanical systems 
• Electrical systems 
• Optical systems 
 
According to Figure 1.9, burr detection and measurement methods can be classified into in-
process and out-process techniques. The out-process techniques can be further grouped to 
with contact and contactless methods. Burr formation can be monitored by using indirect and 
direct methods. Direct methods consist of laser, optical and ultrasonic sensors. There are 
many optical systems for burr size measurement and detection with successful industrial 
implementations, such as camera systems, microscopes, laser and interferometer (Ko and 
Park, 2006; Lee, Huang and Lu, 1993; Tsai† and Lu, 1996; Wulf and Hayk, 2007). However 
these systems are expensive and difficult to use, while indirect methods are more cost 
effective. Amongst indirect methods, several studies used electrical systems for burr size 
measurement using capacitive sensor, capable of online monitoring of burrs and also 
inductive sensor systems for quantitative burr characterization and metal parts edges 
evaluation (Jagiella and Fericean, 2004; Lee, Park and Dornfeld, 1996; Olvera and Barrow, 
1998). In addition, (Kishimoto et al., 1981; Lee and Dornfeld, 2001) reported the use of 
silicon caoutchouc method to measure cross-sectional profiles of burrs using universal 
projector and AE as feedback sensing techniques in precision laser deburring process. 
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Figure 1.9  Burr detection and measurement methods  
(Aurich et al., 2009) 
 
1.2.4 Burr removal (deburring) 
 
Burrs have always been a serious concern in the surface and edge finishing of machined 
parts. According to (Gillespie, 1981), achieving an excellent edge quality when using 
deburring processes is often difficult. Even if the machined part is remarkably small, it may 
have several edges (see Figure 1.10), which require linear deburring, especially when 
machined part undergoes several operations.  
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Figure 1.10  Example of machined part edges require deburring  
(adapted from (Gillespie, 1999))  
 
Deburring process classification  
 
Several classifications of deburring processes were proposed in (Gillespie, 1999; Przyklenk, 
1986; Schäfer, 1975). The most complete one was made in (Gillespie, 1999). It encompasses 
all deburring methods, starting by manual deburring using hands to high technology finishing 
systems using CNC and industrial robots. He has identified 122 deburring and edge finishing 
processes which can be classified under following categories:  
1. Mechanical deburring processes; 
2. Thermal deburring processes; 
3. Chemical deburring processes; 
4. Electrical deburring processes; 
In order to achieve the best surface and edge finishing quality, the appropriate selection of 
deburring processes is essential. Gillespie (1999) has identified the most frequently used 
deburring processes (see Table 1.1). 
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Table 1.1  The most frequently used deburring processes 
 
No. Deburring process No. Deburring process 
1 Manual deburring 6  Barrel deburring 
2 Brush deburring 7  Centrifugal barrel finishing 
3 Bonded abrasive deburring 8 Robotic deburring 
4 Abrasive jet deburring 9 Electro chemical deburring  
5 Mass finishing   10 Vibratory finishing 
 
Selection of deburring process  
 
Most of deburring tools and processes are developed for materials with specific geometries. 
Therefore, correct selection of deburring process is essential. The first approach for deburring 
process selection was proposed in (Schäfer, 1975). Later, a software tool was developed for 
the same purpose (Ioi, Matsunaga and Kobayashi, 1981). In this tool, burr shape, surface 
roughness, workpiece properties, weight and volume were used to create the database. 
Thilow (2008) also introduced an industrial system for similar purpose. The available 
deburring processes for burr removal in aluminium parts are introduced in (Przyklenk and 
Schlatter, 1987). According to (Narayanaswami and Dornfeld, 1994), factors governing 
deburring complexity are burr location, size, and number of edges to be deburred. 
Furthermore, a clear knowledge on how deburring process itself affects the workpiece 
dimensions and surface quality is a crucial factor for correct selection of deburring process 
(Gillespie, 1999). Unfortunately, all reported deburring processes have certain levels of side 
effects on machined part. This thesis does not, however, try to present the main advantages, 
disadvantages and restrictions related to each deburring process. The following passages 
present the basic information on some of the highly used deburring processes in today’s 
industry.  
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Manual deburring  
 
Manual deburring is still known as the most widely used operation for many reasons, 
including extreme flexibility, low cost and lack of technology needed. According to 
(Gillespie, 1999), manual deburring is associated with wasting of time and asset, fatigue, 
frustration, etc. Moreover, in most of the industrial sectors, manual deburring is implemented 
in dry conditions by non-qualified operators (see Figure 1.11). This consequently increases 
the waste rate and delay in production lines.  
 
 
 
Figure 1.11  Manual deburring  
(Tiabi, 2010) 
 
Mechanical deburring  
 
During mechanical deburring processes, the burrs are reduced or removed by mechanical 
abrasion. The use of dry blasting for automatic deburring is examined in (Mchugh, 1988). 
Chen et al. (1991) presented a dynamic model for burr removal with a cooperative brushing 
tool. A deburring method for milled surfaces was proposed in (Anzai et al., 1993). In this 
work, an inductor producing a co-current magnetic field is adapted to the milling spindle. 
Ultrasonic deburring was investigated in (Lee et al., 2004). More mechanical deburring 
systems were also recently developed (Avila et al., 2004; Beier and Nothnagel, 2004).  
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Robotic deburring  
 
Robotic deburring is used to reduce the work load and guarantee an adequate workpiece 
quality level. The use of robots for deburring operation was reported in (Asakawa, Toda and 
Takeuchi, 2002; Lee, Huang and Lu 2001). In (Asakawa, Toda and Takeuchi, 2002), 
automatic chamfering of a hole on a free-curved surface is presented on the basis of CAD 
model using an industrial robot. Different deburring processes are applied by robots with 
various difficulties in each case (Aurich et al., 2009). Amongst, an overview of a robot arm 
combined with deburing brush is depicted in Figure 1.12. Hirabayashi et al. (1987) presented 
deburring robots equipped with force sensors for automatic deburring of elevator guide rails. 
A framework for robotic deburring applications in various industrial sectors was proposed in 
(Oliveira and Valente, 2004). 
 
 
 
Figure 1.12  A robot arm combined with deburring brush  
(Means, 1986) 
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1.2.5 Concerns on burr formation  
 
Recent studies have shown tremendous concerns on burr formation and deburring operations 
as follows: 
1. Small finger injuries for assembly workers.  
2. Source of debris (bits of burrs) during operation, thereby reducing the life time of the 
machined part. 
3. Changing the parts resistance and reduce the tool life as well as efficiency (Ko and 
Dornfeld, 1991). 
4. Presenting a hazard in handling of machined parts, which can interface with 
subsequent assembly operations. 
5. The adhered burrs to the work part may become loose during operation and 
consequently cause difficulties and damages. 
 
After a basic understanding of the mechanisms underlying the burr formation, the focus of 
research works has turned to deburring operations, which are in fact expensive, time 
consuming, non-productive and non-value added processes. As pointed out in (Gillespie, 
1999), deburring and edge finishing of precision components may constitute as much as 30% 
of the cost of the finished parts. In practice, it is often necessary to combine several deburring 
and edges finishing processes to achieve the desired edge accuracy and surface finish 
requirements. In fact, the secondary finishing operations are difficult to automate, therefore 
may become a bottleneck in production lines (Gillespie, 1996).  
 
In a recent study by Aurich et al. (2009) the costs are estimated up to €500 million per year 
only in Germany. According to (Gillespie, 1999), deburring concerns both the edges and 
surfaces of the workpiece. Furthermore, presence of burrs in manufactured components is a 
serious concern in terms of customer and supplier relations, as generally products are 
stamped as “sharp edge free’ or “free of burrs”. Then, it is recommended to limit burr 
formation rather than deburring them in subsequent finishing operations. In many cases, 
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increasing the burr size is a key element of tool wear, leading to replacing of cutting tools 
that are otherwise still operating without problem (Aurich et al., 2009). 
 
Deburring side effects usually appear on the dimensions, surface finish, cleanliness, flatness, 
plating, soldering, welding, residual stress, surface imperfection, corrosion rate, fatigue 
resistance, electrical resistance, luster and color of the machined part. Proper understanding 
of the basic mechanisms of burr formation and then correct selection of optimal cutting 
parameters are strongly suggested for burr size minimization.  
 
1.3 Understanding and modeling of milling burr formation  
 
1.3.1 Milling burrs shapes  
 
Milling burrs are created when cutting tool enters and exits the machined parts.  Hashimura 
et al.(1999) classified milling burrs according to their location and formation mechanism (see 
Figure 1.13).  As can be seen in Figure 1.14, a nomenclature to classify exit burrs was 
proposed in (Chern, 1993; Hashimura, Hassamontr and Dornfeld, 1999). Under certain 
cutting conditions, large burrs are formed that pose difficulties for deburring operations. 
These large burrs are usually generated along the cutting direction and their height is 
consistent and approximately equal to depth of cut. In some cases, a burr is separated in its 
thinnest part, leaving only a small portion adhered to machined part surface. The burr height 
in this case is much smaller than the depth of cut. 
 
According to Figure 1.15, the face milling burrs are considered as a two-dimensional (2D) 
problem, generated as cutting tool follows its path through the machined part. The main face 
milling burrs are exit burr, side burr, and top burr, which are created respectively along (1) 
the edge between the machined surface, (2) the edge between the transitional surface and the 
exit surface, and (3) the edge between the top surface and the transition surface (Lee, 2004). 
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Figure 1.13  Milling burr formation classification-location  
(adapted from (Hashimura, Hassamontr and Dornfeld, 1999)) 
 
 
 
Figure 1.14 Milling exit burr classification-shape 
(adapted from (Chern, 1993; Hashimura, Hassamontr and Dornfeld, 1999)) 
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Burr formation mechanism in end milling and slot milling operations are even more complex 
than the one in face milling. Unlike in face milling, subsequent tools passing through do not 
usually remove the burrs produced by previous tools in end milling. As a result, side burrs 
and top burrs are stocked on the part, possibly leading to several problems. In slot milling 
operation, entrance burrs along up milling side and entrance burrs are smallest in size. The 
top burrs along up/down milling sides and entrance and exit burrs along down milling side 
are on a medium-scale, comparatively.  
 
As shown in Figure 1.16, the exit burr along up milling side and exit bottom side burr are the 
largest burrs (Chen, Liu and Shen, 2006). Considering the smaller size of entrance burrs as 
compared to exit burrs, more focus has been paid to understand the mechanism of burr 
formation at the exit zone of the milling process. Therefore, series of experiments were 
conducted by varying different factors in sequence to observe the variation of exit burrs 
(Gillespie, 1976; Shaw, 1984; Tang et al., 2011; Tsann-Rong, 2000). 
 
 
 
Figure 1.15  Face milling burrs  
(Lee, 2004) 
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List Burr name 
B1 Exit up milling side 
B2 Exit bottom side 
B3 Exit down milling side  
B4 Top down milling side 
B5 Entrance down milling side 
B6 Entrance bottom side 
B7 Entrance up milling side  
B8 Top up milling side 
 
 
Figure 1.16  Slot milling burrs  
(Lee, 2004) 
 
1.3.2 Parameters governing milling burr formation  
 
Burr formation is considered as a crucial industrial concern. The previous studies have shown 
that it is almost impossible to avoid burr formation (Tiabi, 2010). Burr formation studies 
under following situations are much of interest:   
1. Situations where burr size minimization is demanded; 
2. Situations where regulation and standardizing the burrs are demanded; 
3. Situations where burr removal (deburring) is demanded; 
 
To examine these situations, it is necessary to monitor the burr formation behavior with 
respect to changes made in cutting conditions. Gillespie and blotter (1976) observed that 
burrs cannot be prevented by only changing the feed rate, cutting speed and tool geometry. 
According to (Aurich et al., 2009; Sofronas, 1975; Tseng and Chiou, 2003), the principle 
factors governing milling burr formation are as follows:  
1. Machined part (geometry, dimension, mechanical properties, etc.); 
2. Cutting parameters (cutting speed, feed rate, depth of cut, etc.); 
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3. Cutting tool (material, shape, geometry, rake angle, lead angle, helix angle, etc.); 
4. Machine tool (rotational speed, dynamic strength, etc.); 
5. Manufacturing strategy (tool path, coolant, back cutting, lubrication, MQL, etc.); 
6. Other parameters (e.g. cutting forces); 
 
However, this summary is still inadequate due to complex interaction effects between 
process parameters, as their degree of influence on burr formation vary considerably by 
simple addition or removal of cutting parameters and/or changing the material. In other 
words, the dominant process parameters on burr formation cannot consistently be separated 
into direct and indirect factors (Aurich et al., 2009). The following passages present the 
dominant process parameters on milling burr formation mechanism and size.  
 
Machined part (workpiece)  
 
The machined part properties (e.g. chemical, mechanical) have significant effects on burr 
formation process. The dominant mechanical properties usually reported in the literature are 
hardness, ductility, yield strength and elongation (Leopold and Wohlgemuth, 2010). 
According to (Aurich et al., 2009), a burr forms if the material escapes the cutting process 
and occurs at tool entry and exit. This has led to following outcomes: 
• Larger burrs tend to be formed with increase in the material ductility. 
• Burr formation reduces, if the material is restricted to deform in the force direction.  
 
The most commonly used materials in aerospace industries are aluminium alloys, titanium 
alloys, nickel based alloys and composite materials. Some of these materials such as 
aluminium alloys are ductile. Ductility is one of the most important material property 
(Leopold and Wohlgemuth, 2010). According to (Kim and Dornfeld, 2002), machining of 
ductile materials tends to form larger burrs, particularly at higher levels of cutting speed and 
feed rate. However, when the material is brittle, fractured burrs are formed on the edge part. 
This phenomenon can be reinforced at higher cutting speed and feed rate, creating irregular 
burrs. The metallographic characteristics of machined part could influence the burr 
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formation, as the orientation of the machining direction could metallographically generate 
less distortion; consequently less burr formation is anticipated (Kim and Dornfeld, 2002). 
 
Workpiece geometry 
 
The workpiece edge angle is the most prominent geometrical element of the workpiece that 
highly affects the burr formation mechanism. According to (Przyklenk, 1986), cutting tests 
on the edge angle lower than 90º generate long and thin burrs, while short and thick burrs are 
formed on the parts with edge angle of 90º or larger.  
 
Surface treatment  
 
According to (Sofronas, 1975), the burr size increases with increase in the ratio of  the chip 
and workpiece shear stress (τc/τw). To reduce the burrs size, either, there should exist an 
increase in the shear stress of the part (τw), or decrease in shear stress of the chip (τc). The 
disadvantage of this method is that cracks may develop in hardened surface part, causing 
difficulties in controlling of the burr formation process. Increase the temperature hardens 
most of the materials and consequently affects the machining and deburring performance, 
even if the created burrs are small. According to (Gillespie, 1999), an attempt to prevent 
plastic deformation reduces the incidence of burr formation. His proposed methods include 
laser treatments, hard machining, localized mechanical processes, chemical and thermal 
treatments. In addition, chamfering on the external edges of the machined part before cutting 
operation is an excellent approach to prevent the material deformation at the part edge and 
consequently burr size reduction (Tiabi, 2010). 
 
Cutting Conditions  
 
According to (Avila and Dornfeld, 2004), burr height irregularly varies when changing 
cutting conditions. Increase the cutting speed led to reduced burr size. In addition, milling 
operations at higher levels of feed rate reduces the burr size, while creating secondary burrs 
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that are easier to remove. From (Rangarajan, 2001), when the machined part surface is 
hardened in high speed machining, a transition from ductile to brittle behavior may occur. 
This phenomenon may lead to decreased burr height. Chern (1993) analyzed the burr 
formation during face milling of aluminium alloys. He found that secondary burr formation is 
dominated by depth of cut and feed rate. Nakayama and Arai (1987) revealed that the burr 
size can be reduced by limiting the undeformed chip thickness. The cutting conditions, tool 
and workpiece geometry may reduce the shear strain supported by the chip. Therefore, burr 
reduction may occur. Kim and Dornfeld (2002) showed that higher levels of depth of cut 
increases the burr size, subjected to other cutting parameters used. 
 
According to (Tseng and Chiou, 2003), milling burrs are considered as Poisson burrs, which 
are not highly effected by cutting conditions. Wang and Zhan (2003b) stated that the burrs 
height in cutting direction are reduced with increase in the depth of cut, feed rate, cutting 
edge angle and back rake angle. Furthermore, the use of larger corner radius led to longer 
burr. According to (AM De Souza et al., 2003; Schäfer, 1978), lower level of feed rate led to 
reduced burr size. Contrary, (Jones and Furness, 1997; Kishimoto et al., 1981; Wang and 
Zhang, 2003b) found that higher level of feed rate reduces the burr size. This exhibits that the 
outcomes of experimental studies are not always similar. Olvera and Barrow (1998) found 
that exit angle and depth of cut influence the exit burr in the cutting direction, whereas depth 
of cut is the main factor affecting the exit burr in the feed direction. According to (Olvera and 
Barrow, 1996; Shefelbine and Dornfeld, 2004a), the use of high levels of axial depth of cut 
(ap) increases the possibility of burr size reduction, but, it may also cause inevitable damages 
to cutting tool, machine and machined part functionality. Therefore, the use of very high 
and/or low levels of cutting parameters is not suggested during milling operation. In order to 
reduce the costs and increase productivity, the use of optimization methods for correct 
selection of process parameters is strongly recommended.  
 
Cutting tool geometry  
 
According to (Bansal, 2001), the use of larger axial rake angle and smaller lead angle led to 
smaller burrs. Larger nose radius increases the incidence of burr formation (Aurich et al., 
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2009). Avila and Dornfeld (2004) showed that tool geometry and in-plane exit angle Ψ have 
significant effects on burr size and edge breakout during face milling of aluminium-silicon 
alloys (AlSi9Cu3 and AlSi7Mg). Tripathi and Dornfeld (2006) reported the possibility of 
burr free condition when using diamond end mill tools at high cutting speed. According to 
(Gillespie and Blotter, 1976), the use of sharp cutting edge tools with positive rake angle 
avoids built up edge (BUE) formation ,thus reduces burr size. According to (Jones and 
Furness, 1997), milling tests with the exit angle of 76○-118○ generate smaller burr, while Luo 
et al. (2008) showed that the largest burrs were created in exit angle of 90○.This exhibits that 
defining the optimum exit angle for burr size minimization in milling operations is a difficult 
task.  
 
Machining strategy 
 
According to (Chu and Dornfeld, 2004; Wang and Zhang, 2003a), correct selection of 
machining strategy has positive effects on burr formation mechanism. The main machining 
strategies proposed until now include: 
1. Optimization of the tool path planning, including machining direction and the tool 
engagement angle; 
2. Using inserts and backup materials; 
3. Using modified cutting parameters;  
4. Using coolant and lubrication; 
 
Tsann-Rong (2000) reported that the burr height is strongly dependent on the milling process. 
According to (Olvera and Barrow, 1998), the exit angle and tool nose geometry have 
significant influences on exit burrs characteristics. Bansal (2002) found that the use of 
milling inserts with positive axial rake and negative radial rake angles result in a good trade-
off between small burr size and good surface quality. As to an improved tool path, this 
approach is also limited, as complex geometries would require optimized tool paths and 
higher cycle time (Aurich et al., 2009). Luo et al. (2008) revealed that the friction angle 
becomes larger with increase in exit angle and oblique cutting angle. This led to longer exit 
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bottom and exit up milling side burrs, respectively. In order to predict the burr size in face 
milling, sets of algorithms were presented in (Chu, Dornfeld and Brennum, 2000; 
Rangarajan, Chu and Dornfeld, 2000) by means of avoiding tool exit. This has led to 
proposing tool path planning approaches for burr size minimization. The influence of back 
cutting on burr formation has been reported in (Rangarajan and Dornfeld, 2004). Przyklenk 
(1986) proposed a new strategy for burr reduction by using dry iced snow to cool down the 
machined part edge. Shefelbine and Dornfeld (Shefelbine and Dornfeld, 2004a; Shefelbine 
and Dornfeld, 2004b) stated that the use of coolant decreases the burr size, while larger burr 
is anticipated when using worn tools.   
 
According to (Tiabi, 2010), proper lubrication reduces friction between the work part and 
tool, and it consequently reduces incidence of burr formation. However as stated by Aurich et 
al.(2005), in the case of certain materials, the use of lubricant hardens the burrs and 
complicates the deburring processes. Moreover, the use of cutting fluids seriously degrades 
the environmental air quality and increases machining costs 16-20%. One alternative 
approach with reduced cost and more environmental benefits is dry machining. Some works 
reported the use of dry milling (Dasch et al., 2006; Kim and Kang, 1997; Shefelbine and 
Dornfeld, 2004b; Songmene V., Khettabi and Kouam, 2012). According to (Klocke and 
Eisenblätter, 1997), dry cutting is a suitable choice for machining of ductile materials, such 
as aluminium alloys.  
 
When dealing with hard to cut materials, it is recommended to apply a new technique 
consisting only a few millimeters of fluid to the tool’s cutting edge, known as minimum 
quantity lubricant (MQL). The MQL is atomized in a nozzle to form extensively fine 
droplets, which are then fed to machining point in the form of an aerosol spray at a rate not 
exceeding 100 ml/h (Weinert et al., 2004). The great benefits of MQL on burrs size 
minimization were reported in (De Lacalle et al., 2001; Rahman, Senthil Kumar and Salam, 
2002). However further investigations are still required to select the suitable cutting 
conditions over a limited range of process parameters and materials studied.  
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Cutting forces 
 
Cutting forces are essentially affected by feed rate, depth of cut, tool and workpiece 
geometry. Milling burr formation is significantly influenced by the cutting forces (Tiabi, 
2010). The direction and intensity of cutting forces affect the volume of the chip generated, 
and can also play an important role in material deformation. In case of milling operation, 
cutting forces can be theoretically and computationally calculated (Altintas, 1992; Altintas, 
2000). A comprehensive investigation on influence of cutting forces on milling burr 
formation will be presented in the following chapters.   
 
1.3.3 Milling burr formation modeling  
 
Burr formation modeling has been carried using various research methods such as 
experimental studies, analytical and numerical modeling. Considering the complexity of 
milling burr formation process, typically 2D models are more frequently used. Numerous 
burr expert systems were developed on the basis of experimental studies. These systems are 
database prediction tools (Leopold and Wohlgemuth, 2010) that involve comprehensive 
experiments by varying process parameters to monitor burr formation patterns. They have 
shown successful implementations in many cases, especially when varying only a few 
parameters is required (e.g. drilling process). However, providing a database for all 
elaborated parameters in milling operation is a time consuming and costly approach (Bansal, 
2002). The major reported works on experimental studies, analytical and numerical models 
of milling burr formation are presented in following subsections: 
 
Analytical modeling  
 
Among machining operations, analytical modeling of milling burr formation is a challenging 
subject. This is due to complexity of milling burr formation mechanism, where burrs are 
created when cutting tool enters and exits the machined part. Therefore, the base model for 
studying the burr formation process has been the orthogonal cutting scheme (Toropov, Ko 
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and Lee, 2006). Analytical modeling of burr formation was studied as the plastic bending of 
non-cut parts of materials, using minimum energy principles and incompressibility 
assumption (Avila and Dornfeld, 2004; Chern and Dornfeld, 1996; Gillespie, 1976; Gillespie 
and Blotter, 1976; Hashimura, Hassamontr and Dornfeld, 1999; Ko and Dornfeld, 1996; Ko 
and Dornfeld, 1991; Kumar and Dornfeld, 2003; Narayanaswami and Dornfeld, 1994; Olvera 
and Barrow, 1998; Pekelharing, 1978). The first milling burr formation model was proposed 
in (Gillespie, 1976). Olvera and Barrow (1998) developed burr size prediction model for 
various exit angles and tool end nose geometries. Slip line method was also used to model 
exit burr formation in orthogonal cutting (Leopold and Wohlgemuth, 2010). 
 
Analytical modeling of milling burr formation process was studied by “Professor D. 
Dornfeld” and his associates at “University of California, Berkeley”. Ko and Dornfeld (1991) 
proposed a model of burr formation in orthogonal cutting with three stages of burr formation 
process, including: burrs initiation, burr development and final burr formation. Later, 
Narayanaswami and Dornfeld (1994) presented a tool entrance/exit model. Chern and 
Dornfeld (1996) suggested burr formation/breakout model for orthogonal cutting, explaining 
that plastic bending and shearing of the negative deformation plane contribute to the burr 
formation while crack propagation along the plane causes the breakout.  
 
An analytical model of material exhibiting fracture during burr formation was proposed in 
(Ko and Dornfeld, 1996), using the fracture strain from McClintock’s ductile fracture 
criterion. The burr size estimations were found accurate for less ductile materials, while the 
results of ductile materials (i.e. copper and aluminium alloy) were not consistent. A transition 
of primary to secondary burrs with respect to tool engagement was shown in (Hashimura, 
Hassamontr and Dornfeld, 1999). This has led to the development of a burr size prediction 
system, known as exit order sequence (EOS), which is mainly used for face milling process 
(Kumar and Dornfeld, 2003). Few other works recently focused on burr formation modeling 
in micro-end milling operations (Lekkala et al., 2011; Zhang, Liu and Xu, 2013). However, 
very limited information is available on analytical modeling of slot milling burrs.   
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Experimental studying/modeling  
 
Kishimoto et al. (1981) studied face milling burr formation with special focus on primary 
and secondary burr formation. The effects of tool geometry, various workpiece materials, 
cutting parameters and tool path were investigated in (Gillespie, 1976). Milling burr 
formation was predicted and minimized for slot and face milling processes using tool path 
planning strategies and process parameter optimization, as well as workpiece rigidity 
strengthening (Chen, Liu and Shen, 2006). Burr formation during orthogonal cutting of 
aluminium alloy was studied in (Hashimura and Dornfeld, 1995). As feed rate increases, the 
tool position corresponding to the appearance of the pivot point increases. This led to 
increase in the burr thickness.  
 
The influences of tool wear, cutting speed and coolant on burr size during face milling of cast 
iron and aluminium alloys were investigated in (Shefelbine and Dornfeld, 2004a; Shefelbine 
and Dornfeld, 2004b). Chern (2006) reported the influence of cutting conditions on burr 
formation when fly milling cutters were used in single-tooth face milling of aluminium 
alloys. He (Chern, 2006) reported that the burr geometry is strongly dependent to in- plane 
exit angle Ψ. According to (Avila and Dornfeld, 2004), burr height irregularly varies with 
changes in cutting conditions. Biermann and Heilmann (2010) investigated the principle 
coherences between burr formation and notch wear, separated into three steps. They also 
presented burr reduction strategies for turning, drilling and milling of different materials. In 
addition, a new promising strategy for milling burr reduction is proposed by cooling the 
component edge with dry ice snow  (Biermann and Heilmann, 2010). According to (Wang 
and Zhang, 2003a), the dominant process parameters on cutting direction burrs are cutting 
parameters, shape of the workpiece end, cutting tool geometry and workpiece properties.  
 
Tripathi and Dornfeld (2006) presented a review on several methodologies for burr 
prediction and minimization in face milling, with special attention on geometric solutions 
employed; understanding and modifying tool engagement conditions. The effects of cutting 
speed, feed rate, material hardness, tool wear and cutting tool exit angle on burr formation 
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during face milling of aluminium alloy were reported in (Jones and Furness, 1997). Milling 
tests with exit angles of 76º-118º led to smaller burrs, irrespective of tool wear condition. 
Furthermore, higher level of feed rate, lower level of cutting speed, new sharp cutting tools 
and harder materials have positive effects on burr size minimization. The effects of exit angle 
and tool nose geometry on exit burr formation for both finishing and roughing conditions 
(small and large depth of cut) were reported in (Olvera and Barrow, 1998). Four different 
types of burrs were observed on the exit edge, namely tear, curly, rubbing and wavy burrs. 
Luo et al. (2008) studied the mechanism of feed direction burrs in slot milling of aluminium 
alloys. According to (Rahman, Senthil Kumar and Salam, 2002), lower burr height was 
observed when using MQL. Additionally no chips stick to the tool unlike milling tests under 
flood cooling and dry condition. As stated by de Lacalle et al.(2001), MQL systems are very 
useful for chip evacuation and manufacturing cost reduction. 
 
Numerical methods 
 
Finite element method (FEM) 
 
Amongst numerous numerical methods, FEM has received special interests for metal cutting 
simulation. FEM was first introduced in the 1960s, and has been widely used to analyze the 
tools design and forming processes (Sartkulvanich, 2007). When using FEM, it becomes 
possible to investigate the effects of process parameters (see Figure 1.17) on machining 
responses that are not measurable or extremely difficult to measure; including contact 
stresses on the rake face and flank face of the tool, cutting temperature at the tool-chip and 
tool-workpiece interfaces, chip temperature field, and sliding velocities between the chip and 
the tool. An adequate knowledge of these process parameters provides a better understanding 
of the cutting physics and may enable simulation of the cutting forces, tool temperature, 
stresses, chip formation and burr formation (Sartkulvanich, 2007). A comprehensive 
overview of reported works on FE modeling of burr formation will be presented in the 
following passages.  
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Figure 1.17  Major process parameters for FEM simulation of metal cutting  
(Sartkulvanich, 2007) 
 
FEM applications in milling burr formation modeling  
 
The main aim of numerical analysis (e.g.FEM simulation) of burr formation is burr 
minimization (Leopold and Wohlgemuth, 2010). According to (Chern, 1993), by introducing 
new models of material behavior under high strain rate, many aspects of FE models of metal 
cutting, including burr formation models have become more realistic (see Figure 1.18).  Burr 
formation modeling using FEM was initiated in (Park, 2000a). The FEM code 
“ABAQUS/Explicit” and element-separation criterion were used for modeling approach. 
Furthermore, it was assumed that the tool and workpiece were rigid and plastic and the 
cutting tool is perfectly sharp. Park (2000a) then used FEM to determine the effects of exit 
angle, rake angle and backup materials on burr formation processes (Park, 2000b). 
Hashimura et al. (1999) developed a basic model of burr formation. It includes the influence 
of material properties in orthogonal cutting. The FEM-simulation confirmed experimental 
results using an elastic–plastic model with assumed plain strain condition.  
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Figure 1.18  FEM simulation of burr formation in orthogonal cutting 
 (Sartkulvanich, 2007) 
 
A series of FEM simulation were performed to model the friction along the tool-chip 
interface and the interior of the cutting tool (Leopold and Wohlgemuth, 2010). It was found 
that the chip-tool contact length is influenced by friction coefficient and in comparison with 
previous investigations; the chip geometry is also influenced by friction. According to 
(Regel, Stoll and Leopold, 2009), a region of high negative hydrostatic pressure was 
observed in the transition from steady-state cutting operation to burr formation. Until now, 
the exact effects of hydrostatic pressure on burr formation are unknown. Chu et al. (2000) 
proposed a milling burr predicting system using burr control chart (burr predicting system). 
Klocke et al.(2004) presented 2D FE models of burr formation in orthogonal cutting using 
implicit Lagrangian codes. They found that the FE modeling of burr formation leads to 
satisfactory results and detailed information on distribution of stress, strain, strain rate and 
temperature. However, a part of simulation results did not correspond well with the 
experimental results. The modeled burrs size (thickness and height) are different as those 
measured experimentally. This was related to chip formation mechanism which largely 
influences experimental and modeling results.  
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One of the crucial inputs for FEM simulation of high speed machining processes is the 
availability of material plastic properties under that specific machining condition (i.e. flow 
stress as a function of strain, strain rate and temperature). Due to wide range of limitation 
imposed, except few reported works (Sartkulvanich, Sahlan and Altan, 2007; Soo, Aspinwall 
and Dewes, 2004a; 2004b), three-dimensional (3D) FE models of milling burr formation are 
rarely available (Leopold and Wohlgemuth, 2010). As described earlier, one of the main 
critics drawn against FEM is that the results obtained are relevant to the accuracy of input 
boundary conditions, which are not yet advanced and, therefore, are usually simplified. 
Previous FE models of burr formation in turning, drilling and non-traditional machining 
operations are listed in (Aurich et al., 2009). 
 
1.4 Optimization methods  
 
As mentioned earlier, amongst recent optimization methods, special interest has been paid to 
use of Taguchi method, RSM and desirability function. These optimization methods have 
been extensively studied and implemented in this thesis for simultaneous multiple response 
optimization in slot milling of aluminium alloys. 
 
1.4.1 Taguchi method 
  
According to Taguchi’s approach, quality is measured by deviation of a functional 
characteristic from its target value (Dhavamani and Alwarsamy, 2011). Noises (uncontrolled 
variables) can cause such deviations resulting in quality loss. The Taguchi method has been 
known as a powerful tool that differs from traditional practices (Phadke, 1989). It has been 
extensively employed in the optimization of milling parameters (Bagci and Aykut, 2006; 
Hou, Su and Liu, 2007; Moshat et al., 2010; Nalbant, Gökkaya and Sur, 2007; Tsao, 2009; 
Zhang, Chen and Kirby, 2007). However, the original Taguchi method is designed to 
optimize a single performance characteristic (Gaitonde, Karnik and Davim, 2009), while 
except few works such as (Lee and Lee, 2003; Lin, 2002; Moshat et al., 2010), optimization 
of multiple milling responses using Taguchi method has relatively received less attention, 
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particularly  when dealing with burrs. This is due to several constraints that restrict the direct 
application of Taguchi method, as each performance characteristic may not have the same 
measurement unit. Hence, a limited number of modifications have been suggested so far 
(Kilickap, 2010). Therefore, proposing new modifications to application of Taguchi method 
for correct selection of optimum setting levels of process parameters and multiple responses 
optimization are truly recommended. 
 
1.4.2 Response surface methodology (RSM) 
 
Response surface methodology (RSM) is a collection of mathematical and statistical 
techniques for modeling and analyzing engineering problems. It has powerful applications in 
the design, development and formulation of new products (Myers, Montgomery and 
Anderson-Cook, 2009).  In most of RSM problems, the relationship between the independent 
variables and the response(s) can not be formulated, thus it is approximated.  
 
1.4.3 Desirability function  
 
The desirability is one of the most frequently used technique for multiple responses 
optimization which was originally developed by Harrington (1965) and was later modified by 
Derringer (1980). It can be combined to form a composite desirability function, which 
converts a multiple responses problem into a single-response problem. The desirability lies 
between 0 and 1, and it represents the closeness of a response to its ideal value. If a response 
falls within the unacceptable intervals, the desirability is 0, and if a response falls within the 
ideal intervals, or the response reaches its ideal value, the desirability is 1. Meanwhile, when 
a response falls within the tolerance intervals but not the ideal interval, or when it fails to 
reach its ideal value, the desirability lies between 0 and 1. The more closely the response 
approaches the ideal intervals or ideal values, the closer the desirability is to 1.  
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Very limited studied reported the use of desirability function for multiple responses 
optimization in machining operations. A complete overview of desirability function will be 
presented in the chapter four. 
 
1.5 Conclusion of literature review and refining of problematic 
 
In this chapter various aspects of machining burrs classifications and formation mechanisms 
were presented. The burr removal and measurement methods were analyzed. Furthermore, 
the milling burr formation mechanism, modeling approaches and factors governing burrs size 
were described.  
 
This work has led us to conclude that: 
 
• There is a substantial need to minimize, prevent and eliminate burrs. The main benefit is 
to reduce the needs of deburring operations. However, the use of deburring operations in 
some cases is mandatory.  
 
• There is no general burr formation model that can be used for all machining operations. 
Amongst machining operations, milling process has a highly complex mechanism. Thus, 
more attention should be paid to understanding, control and optimization of milling burrs. 
Special concentration should be also paid to slot milling burrs which have a more 
complex mechanism than face milling burrs and have received less reported works.   
 
• A few studies have focused on the influence of the cutting tool coating, dry high speed 
machining, and tool end nose radius (Rε) on slot milling burr formation in oblique and 
orthogonal cutting schemes. In other words, it was revealed that the dominant cutting 
parameters on slot milling burr formation, size and location are still unclear. Therefore, 
extensive investigations to discover the factors governing slot milling burr formation are 
required to acquire a sufficient knowledge for burrs size minimization and eventually 
burr elimination.  
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• Very limited analytical models have been reported for burr size prediction. Most of 
existing analytical models are constructed based on experimentally measured parameters 
such as shear angle (Φ) and tool-chip contact length (L). Furthermore, no analytical 
model was found to predict the slot milling burr size.  
 
• FEM is the most prominent numerical method for burr formation modeling. However the 
FE results are relevant to the accuracy of applied input boundary conditions, which are 
not yet advanced and, therefore, are usually simplified. Further, the results are strongly 
influenced by the software applied; time-consuming and usually experimental data are 
required for model construction. 
 
• Most of the existing research works in literature aim to measure and/or predict the burr 
height, while burr thickness could be used as a critical parameter for correct selection of 
desirable deburring techniques. 
 
• No work has been reported in the literature to (1) solely present simultaneous 
optimization of burrs size of slot milled machined parts and (2) multiple responses 
optimization, including burrs size and other milling (face and slotting) performance 
characteristics, such as surface roughness and tool life.  
 
• Amongst reported optimization techniques in literature, special attention has been paid to 
use of Taguchi method for correct selection of process parameters. However the original 
Taguchi method is designed to optimize a single response. Therefore, certain levels of 
modifications should be incorporated to Taguchi method for simultaneous multiple 
responses optimization. 
 
 
 
 
 

 CHAPTER 2 
 
 
INVESTIGATION OF FACTORS GOVERNING SLOT MILLING  
BURR FORMATION  
2.1  Introduction 
 
Burr formation and edge finishing are research topics with high relevance to industrial 
applications. To remove burrs, however, a secondary operation known as deburring is usually 
required. Until now more than 100 deburring methods have been developed (Gillespie, 
1999), which their appropriate selection depends on many factors including, burr location 
and dimension. Among machining operations, milling burr formation has a more complex 
mechanism with multiple burrs formed at different locations with varying sizes. This yields 
to many difficulties during deburring process. Therefore, it is extremely beneficial to limit 
burr formation rather than deburring them in subsequent finishing operations. One approach 
is to develop analytical models of burr formation process. Since theoretical approaches are 
usually not available, more focus has been paid to experimental studies to identify the effects 
of cutting parameters on burr formation.  
 
The effects of numerous process parameters on face milling burrs were reported in (Avila 
and Dornfeld, 2004; Chern, 1993; Hashimura, Hassamontr and Dornfeld, 1999; Kishimoto et 
al., 1981; Kitajima et al., 1990; Korkut and Donertas, 2007; Olvera and Barrow, 1996; 
Olvera and Barrow, 1998; Tsann-Rong, 2000). Furthermore, most of the existing research 
works in literature characterized  the burr height, while from deburring perspective, the burr 
thickness is of interest, because it describes the time and method necessary for deburring a 
workpiece (Aurich et al., 2009). In addition, only few studies have used statistical analysis to 
precisely determine the dominant process parameters on burrs size (Lekkala et al., 2011; 
Mian, Driver and Mativenga, 2011a). As per author's knowledge, surprisingly except few 
works (Chen, Liu and Shen, 2006; Mian, Driver and Mativenga, 2011a; Tang et al., 2011), 
very low volume of information is available about factors governing slot milling burrs.  
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In this chapter, the burrs formed on exit up milling side (B1), exit bottom (B2), top up/down 
milling sides (B4,B8), and entrance down milling side (B5) will be investigated (see Figure 
1.16). Statistical tools and experimental study in the form of multi-level full factorial design 
of experiment (see Table 2.1) are used to determine the dominant cutting parameters on burrs 
size (height and thickness) during slot milling of AA 2024-T351 and AA 6061-T6, which are 
commonly used materials in aeronautical and automotive industries.  
 
The results presented in this chapter led to three scientific articles (two conferences and one 
journal), which their abstracts are shown in ANNEX (I-III). A complete overview of their 
contribution towards research objectives is discussed in chapter 5. The major contribution 
was accepted for publication in the Institution of Mechanical Engineers (IMechE), Part B, 
Journal of Engineering Manufacture in March 2013.   
 
2.2 Experimental procedure  
 
2.2.1 Experimental plan  
 
A multi-level full factorial design of experiment (33×22) is selected in this study. The AA 
6061-T6 and  AA 2024-T351 with relatively similar mechanical properties are used for 
experiments (see Table 2.2). The experimental factors and their levels are shown in Table 
2.1. Cutting tool and workpiece materials were treated as qualitative factors while other 
remaining factors were considered quantitative. In total, 108 experiments were performed 
under dry milling using a 3-axis CNC machine tool (Power: 50kW, Speed: 28000 rpm; 
Torque: 50 Nm), as shown in Figure 2.1(a). An Iscar coated end milling cutting tool (E90-A-
D.75-W.75-M) with three flutes (Z=3), and tool diameter (D) 19.05mm was used (see Figure 
2.1(b)). With respect to cutting conditions used, the suitable inserts were consequently used 
in cutting tests.    
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Table 2.1  Experimental process parameters and their levels 
 
Experimental  parameters 
                               Level 
1 2 3 
A: Material AA 6061-T6 - AA 2024-T351 
B: Tool 
Coating TiCN TiAlN TiCN+Al2O3+TiN
Insert nose radius, Rε (mm) 0.5 0.83 0.5 
C: Depth of cut (mm) 1 - 2 
D:Feed per tooth (mm/z) 0.01 0.055 0.1 
E: Cutting speed (m/min) 300 750 1200 
 
 
 
 
 
Figure 2.1 Experimental devices: (a) 3-Axis CNC machine (b) Cutting tool used 
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Table 2.2  Mechanical properties of studied aluminium alloys  
(Committee and Knovel, 2004)) 
 
 
Material  
 Mechanical Properties  
Brinell Hardness Yield Strength Elongation at Break 
AA 6061- T6 95 HB 275 MPa  17 (%) 
AA 2024- T351 120 HB 325 MPa  20 (%) 
 
2.2.2 Experimental observations 
 
Burr size 
 
An optical microscope (see Figure 2.2) equipped with high resolution camera was used to 
take the burrs images. The burr size measurements were then conducted on captured images. 
To measure the burr height, the microscope was focused on the plane of the workpiece exit 
surface and then on the plane of the top surface of the burr. Focusing on the plane of the 
parent material, burr thickness image was captured. An average of four burr thickness (Bt)  
readings and maximum value of burr height (Bh) were taken as the burr size in the following 
sections. 
 
 
 
Figure 2.2  Optical microscope used for burr size measurement 
47 
Surface roughness measurements were conducted on a profilometer Mitutoyo SJ 400 (see 
Figure 2.3), which was connected to a data acquisition system. The following setting 
parameters were used:  
Measuring length: 204 mm, range: 800 microns, speed: 1 mm/s, number of points: 4800. 
 
 
 
Figure 2.3  Profilometer used for surface roughness measurement  
 
Cutting force  
 
A 3-axis dynamometer (Kistler-9255B) was used for cutting force signals acquisition. 
According to cutting conditions used, the directional cutting forces were analyzed and 
calculated using sampling frequencies of 10 KHz and 24 KHz. Cutting forces in normal (Fy), 
feed (Fx) and axial directions (Fz) were then computed (see Figure 2.4). Tangential force (Ft) 
was also measured through directional cutting forces.  
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Figure 2.4  Cutting forces in normal, axial and feed directions 
 
2.2.3 Assumptions 
 
It must be noted that machining of aluminium alloys can not be carried out without a certain 
amount of difficulty. These materials tend to adhere to the tool surface, and burrs are formed 
inside the holes and at the top of machined part edges (Songmene V., Khettabi and Kouam, 
2012). Therefore to develop the experimental set-up, the following assumptions are made: 
• The slot milling operations are assumed chatter free. Vibrations, machine and tool 
dynamic behavior are not considered. This condition was fulfilled by carrying out 
preliminary tests and checking the stability of cutting process.  
• The deflections of the tool and workpiece are assumed negligible. This condition was 
fulfilled using rigid tools and workpiece fixtures. 
• After each cutting test, new inserts were used to avoid possible deviations in 
experimental results due to tool wear.  
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• It is to note that the similar assumptions were used in other sections of this thesis.  
 
2.3 Results and discussion 
 
2.3.1 Method of analysis  
 
In analyzing the machined parts quality index (e.g. burr size, surface roughness), the use of 
statistical techniques plays a prominent role (Kilickap, 2010).  
 
The following terms and techniques are used in this thesis for statistical analysis:  
 
1. ANOVA: The analysis of variance (ANOVA) allows an examination of the main effects 
of independent variables and their interaction effects to determine their combined effects 
on the responses at 95% confidence interval (CI). The following statistical terms are used 
for results analysis: 
 
 P-value: The probability (ranging from zero to one) that the results observed in a study 
(or results more extreme) could have occurred by chance; 
• If P-value > 0.10, the parameter is insignificant 
• If 0.05 ≤ P-value ≤ 0.10, the parameter is mildly significant 
• If P-value < 0.05 , the parameter is significant  
• The coefficient of determination (R2) provides a measure of variability in the 
observed response values and can be explained by the controllable factors and their 
interactions. If R2 is greater than 75%, the predicted model is thought to be sensitive 
to variation of process variables. If not, the model is considered as insignificant.  
• R2adj is more suitable for comparing models with different numbers of independent 
variables. Unlike R2, the R2adj increases only if the new term improves the model 
more than would be expected. R2adj can be negative and is always smaller than or 
equal to R2. 
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2. Pareto analysis: A Pareto chart compares the relative importance and statistical 
significance of the main and interaction effects between process parameters. This chart 
identifies influential factors in order of decreasing contribution.  
 
3. Main effect plot: The analysis of means (ANOM) is used to determine the optimal cutting 
conditions by estimating the effect of each parameter on response, which is presented in 
the main effect plot diagram (Phadke, 1989).  
 
4. Interaction effects analysis: Presents the interaction effects between process parameters. 
 
The similar method of analysis is used in the following sections of this thesis. 
 
2.3.2 Effects of process parameters on slot milling burrs 
 
Burrs can be excessively large and irregular (see Figure 2.5(a)) or very small in size, even not 
visible for naked eyes (see Figure 2.5(b)). Therefore, a proper understating of burr formation 
mechanism and correct selection of cutting parameters setting levels is recommended to 
reduce the incidence of burr formation and possibly surface quality and tool life 
improvement. In the following sections, burr formation over top, entrance and exit sides of 
slot milled parts will be extensively studied.  
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  Figure 2.5 (a) 
 
 
Figure 2.5 (b) 
 
 
Figure 2.5  Slot milled machined parts with (a) burr formation with tiny scales;  
(b) large burr formation 
 
Exit burrs 
 
Figures 2.6-2.7 present standardized Pareto charts of exit burrs. As can be seen in Figure 
2.6(a), B1 height is influenced by interaction effects between cutting tool- depth of cut (BC), 
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depth of cut-feed per tooth (CD), feed per tooth-cutting speed (DE) and depth of cut-cutting 
speed (CE), followed by direct effects of feed per tooth (D), material properties (A) and 
depth of cut (C). According to (Lauderbaugh, 2009), yield strength (σe) is the main material 
property with significant effects on exit burr formation. As presented in Figure 2.6(b), there 
are several direct and interaction effects between cutting parameters that affect the variation 
of B1 thickness. Amongst, direct effects of feed per tooth (D), depth of cut (C) and tool (B) 
are the most dominant factors. According to Figure 2.7(a), the B2 height is affected by direct 
effects of depth of cut (C), cutting speed (E) and  tool (B), caused by tool coating and insert 
nose radius (Rε). The interaction effects of depth of cut-cutting speed (CE) and cutting 
speeds (EE) are also significant parameters on variation of B2 height. Contrary, based on 
Figure 2.7(b), the governing factors on B2 thickness are direct effects of depth of cut (C) and 
tool (B), followed by interaction effects between depth of cut- cutting speed (CE). As 
illustrated in Figures 2.8-2.9, milling tests with higher levels of feed per tooth and depth of 
cut and smaller insert nose radius (Rε) yield to longer and thicker B1 and shorter and thinner 
B2. As it is evident from Figure 2.8, variation of cutting process parameters has similar 
influences on B1 height and thickness. 
 
In metal cutting, feed per tooth, depth of cut, cutting speed and tool geometry are the main 
controlling parameters (Korkut and Donertas, 2007). In order to comfort deburring operation, 
milling burr size minimization can be conducted by facilitating the transition of primary 
burrs to secondary burrs. This phenomenon may occur when the burr leans towards the 
transition material and breaks off from the machined surface. In such a case, side burrs 
formed instead of exit bottom (B2) or entrance bottom (B6) burrs. According to face milling 
burr formation mechanism, exit bottom burr (B2) is formed by loss of material from the exit 
up milling side (B1) burr (AM De Souza et al., 2003). Assuming similar burr formation 
mechanism in exit side of face milling and slot milling operations, transition from primary to 
secondary burr formation is observed on the exit burrs along up/down milling sides (B1 and 
B3).When Transition from primary to secondary burr formation is not correctly done, primary 
exit bottom burr (B2) appear in the exit side when tool leaves the machined part (see Figure 
2.10(a)).When burr smoothly leans towards the transition material and breaks off from the 
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machined surface, then longer B1 and shorter B2 is resulted (see Figure 2.10(b)). According 
to slot milling burr formation mechanism and by considering a negligible B3 size, it can be 
stated that trials to reduce the B2 size led to longer B1 (see Figures 2.8-2.9). 
 
Figure 2.6 (a) 
 
 
Figure 2.6 (b) 
 
 
Figure 2.6  Pareto chart of (a) B1 height, (b) B1 thickness 
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Figure 2.7 (a) 
 
 
Figure 2.7 (b) 
 
 
Figure 2.7  Pareto chart of (a) B2 height, (b) B2 thickness 
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Figure 2.8 (a) 
 
 
Figure 2.8 (b) 
 
 
Figure 2.8  Direct effect plot of (a) B1 height, (b) B1 thickness 
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Figure 2.9 (a) 
 
 
Figure 2.9 (b) 
 
 
Figure 2.9  Direct effect plot of (a) B2 height, (b) B2 thickness 
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Figure 2.10 (a) 
 
 
Figure 2.10 (b) 
 
 
Figure 2.10  Slot milling exit burrs 
 
The first considerations of burr formation in metal cutting came along with investigations 
about chip formation, as burr formation mechanism highly depends on chip formation 
mechanism. In milling operation, the chip thickness h(φ) varies periodically as a function of 
time-varying immersion angle (φ) as: 
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( ) ( )zh f sinϕ ϕ= ×  (2.1)
Where fz is feed per tooth which can be presented as follows: 
z rf Z f= ×  (2.2)
Where fr is feed rate and Z is the tool teeth number.  
 
Tangential force Ft (φ), radial force Fr (φ) and axial force Fa (φ) can be represented by using 
the specific cutting force coefficients K in each direction as follows: 
 
Ft (φ) = Ktcah(φ) + Kteap  
Fr (φ) = Krcah(φ) + Kreap (2.3)
Fa (φ) = Kacah(φ) + Kaeap  
Where ap is depth of cut.  
 
The coefficients Ktc, Krc and Kac are the directional specific cutting force coefficients, 
respectively. The Kte, Kre and Kae are the specific edge cutting force coefficients. According 
to Eqs(2.1-2.3), increase in feed per tooth and depth of cut increases directional forces.  
However when tool leaves the workpiece in slot milling, the magnitude of tangential force Ft 
is greater than radial force Fr. In addition, a significant role is played by friction in milling 
burr formation in exit side, which is a function of Ft and Fr. The effects of friction can be 
divided to three basic mechanisms, one due to asperity deformation, one due to adhesion and 
one due to particle ploughing.  
 
In orthogonal milling, friction coefficient (µ) can be approximated as (San-Juan, Martín and 
Santos, 2010): 
 
µ = tan (φ) = Fr × Ft-1 (2.4)
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According to Eq(2.4), when the friction at tool faces decreases, there is a corresponding 
increase in the shear angle (Φ) and accompanying decrease in the chip thickness h(φ). Thus, 
the plastic strain associated with chip formation is reduced. This results to longer and thicker 
B2 and shorter and thinner B1.  
 
Increase the cutting speed and insert nose radius (Rε) increase the Fr to a large extend, 
particularly where the depth of cut is smaller than the insert nose radius (Rε). In addition, 
materials with higher machinability generate larger Fr, which may lead to a reduction in 
friction occurred between the chip and tool (San-Juan, Martín and Santos, 2010). 
Furthermore, during milling operation, slight plastic deformation, serious rubbing and 
ploughing effects appear which therefore yield to heat generation and increase in the burr 
size, especially during high speed machining. When using tools with multiple teeth, some 
heat is produced, particularly during high speed machining. This yields to tearing off a part 
of the burr that accumulated on the top side of the workpiece. This part finally sticks to the 
side face of the machined part, and consequently turns to a burr. However, as depicted in 
Figures 2.6-2.7, cutting speed has statistically negligible influence on slot milling exit burrs. 
Because of yield strength, which is higher in AA 2024-T351 than in AA 6061-T6, a thinner 
and shorter exit up milling side burr (B1) is obtained for AA 6061-T6 under similar cutting 
conditions. 
 
The interaction effects of cutting parameters on exit burrs dimensions are presented in 
Figures 2.11-2.12. As clearly shown in Figure 2.11(a), under lower levels of depth of cut, the 
longest and shortest B1 are obtained when using tool 3 and tool 2, respectively. In this cutting 
condition, a large difference between resulting values of B1 height is observable, when using 
different cutting tools. When changing the depth of cut to higher level (2mm), the longest B1 
is obtained when using tool 2. In this case, the B1 height does not highly vary when using 
cutting tools with various insert nose radius and cutting tool coating. This exhibits strong 
interaction effects between tool and depth of cut. Similarly at higher level of depth of cut, 
similar B1 thickness could be obtained when using tools 1-2. However, at lower level of 
depth of cut (1 mm), a significant difference between resulting values of B1 thickness is 
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observed when using the same cutting tools (see Figure 2.11(b)). This exhibits that B1 size is 
highly influenced by interaction effects between tool and depth of cut (BC). As shown in 
Figures 2.8-2.9, larger and thicker B1 and shorter B2 are observed when changing the cutting 
tool 1 (TiCN, Rε = 0.5 mm)  to tool 3 (TiCN+Al2O3+TiN, Rε = 0.5 mm). Considering the 
similar insert nose radius (Rε) in both tools, this difference corresponds to effect of tool 
coating on exit burrs size. This finding is in contrast with the conclusion made in (Olvera and 
Barrow, 1996), stating negligible influence of tool coating on face milling burrs.   
 
According to Figure 2.12, milling tests at higher level of depth of cut and fixed cutting speed 
generate thinner and shorter B2. In the fixed depth of cut 1mm, thinner B2 appears when 
using higher level of cutting speed. However, when changing the depth of cut to 2mm, the 
thinner B2 formed at higher cutting speed. This indicates strong interactions effects between 
cutting speed and depth of cut, which significantly influence the B2 dimension.  
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Figure 2.11 (a) 
 
 
Figure 2.11 (b) 
 
 
Figure 2.11  Interaction effect of tool - depth of cut (BC) on  
(a) B1 height and (b) on B1 thickness   
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Figure 2.12 (a) 
 
Figure 2.12 (b) 
 
Figure 2.12  Interaction effect of depth of cut-cutting speed (CE) on  
(a) B2 height and (b) B2 thickness  
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Entrance side burr  
 
The entrance side burr along down milling (B5) is formed following a rollover process, when 
bending the chip is easier than cutting it or fracturing the workpiece edge. According to 
Figure 2.13(a), B5 height is dominated by direct effects of feed per tooth (D), material 
properties (A), depth of cut (C) and interaction effects between depth of cut-feed per tooth 
(CD), material properties-feed per tooth (AD) and cutting speeds (EE). The tool coating and 
insert nose radius (Rε) have negligible effects on B5 height. As can be seen in Figure 2.13(b), 
direct effects of tool (B) and feed per tooth (D) are dominant parameters on variation of B5 
thickness. Figure 2.13 clearly shows that cutting speed (E) has insignificant influence on B5 
size. 
 
It is believed that during cutting operations with high engagements between cutting tool 
flutes and machined parts (e.g. milling), larger burr formation is anticipated. This is mainly 
caused by a change in the plastic zone size in the transition material ahead of the tool. In both 
milling and orthogonal cutting operations, tool exit creates forward flow of materials. 
Conversely, tool entrance induces the backward flow of material during orthogonal cutting. 
However during milling of ductile materials such as aluminium alloys, tool entrance induces 
the forward flow of material. As a result, generated entrance burrs are not necessarily smaller 
than exit burrs (Avila and Dornfeld, 2004).  
 
As similar as exit burrs, in order to comfort deburring operation, entrance burrs minimization 
can be conducted by facilitating the transition of primary burrs to secondary burrs. In this 
case, entrance side burrs along up/down milling sides (B5 and B7) are formed instead of large 
entrance bottom burrs (B6). Increase in the depth of cut reduces the incidence of primary 
entrance bottom burr formation. Instead, longer and shorter entrance side burrs generated      
(Figure 2.14). However, the maximum depth of cut is limited to stock material left during the 
roughing or semi finishing process requirements and also minimum depth of cut demanded to 
suppress the chatter vibration. As can be seen in Figure 2.14, cutting tests on AA 2024-T351 
(more ductile than AA 6601-T6) led to shorter and thinner B5 than those generated in AA 
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6061-T6. It is inferred that in ductile materials, larger primary entrance bottom burr (B6) and 
smaller entrance side burr (B7 and B5) are more likely to be formed. Furthermore, larger feed 
per tooth generates shorter and thicker B5  
 
Figure 2.13 (a) 
 
Figure 2.13 (b) 
 
Figure 2.13  Pareto chart of (a) B5 height, (b) B5 thickness 
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Figure 2.14 (a) 
 
 
Figure 2.14 (b) 
 
 
Figure 2.14  Direct effect plot of (a) B5 height, (b) B5 thickness 
 
Top burrs  
 
In milling operation, top burrs occur along up/down milling sides (B4 and B8). They are 
considered as Poisson burrs, formed by lateral deformation in the face of machined parts, 
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which have a tendency to form through the longitudinal direction (see Figure 2.15). 
According to Figure 2.16(b), the most dominant parameters on B4 thickness are direct effects 
of feed per tooth (D), tool (B) and material properties (A). However based on Figure 2.16(a), 
B4 height can be controlled by direct effects of tool (B), material properties (A), depth of cut 
(C) and interaction effects AD, AE, EE, and DD. In addition, based on Figure 2.17, B8 height 
is mainly influenced by direct effects of feed per tooth (D) and material properties (A), while 
B8 thickness is influenced by interaction effects of tool-cutting speed (BE), material-tool 
(AB) and material-cutting speed (AE). It could be inferred that the dominant interaction 
effects on top burrs height are statistically insignificant parameters on top burrs thickness. In 
other words, top burrs thickness and height are dominated by different cutting parameters. In 
addition, the use of optimum setting levels of process parameters as shown in Figures 2.18-
2.19 led to thicker top burrs in AA 2024-T351 and longer top burrs in AA 6061-T6.  
 
 
 
Figure 2.15  Slot milling top burrs 
 
The cutting tests with tool 2 (TiAlN, Rε = 0.83 mm) led to thinner and shorter B4 and shorter 
B8. According to Figures 2.18-2.19, changing the cutting tool 3 (TiCN+Al2O3+TiN, 
Rε = 0.5 mm) to cutting tool 1 (TiCN, Rε = 0.5 mm) generates shorter top burrs. This 
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exhibits the significant influence of tool coating on top burrs, as similar as exit burrs (B1 and 
B2) and entrance down milling burr (B5). 
 
Figure 2.16 (a) 
 
 
Figure 2.16 (b) 
 
 
Figure 2.16  Pareto chart of (a) B4 height, (b) B4 thickness 
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Figure 2.17 (a) 
 
 
Figure 2.17 (b) 
 
 
Figure 2.17  Pareto chart of (a) B8 height, (b) B8 thickness 
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Figure 2.18 (a) 
 
 
Figure 2.18 (b) 
 
 
Figure 2.18  Direct effect plot of (a) B4 height, (b) B4 thickness 
 
When using high speed machining, high temperature is generated on chip-tool contact area. 
As a result, when tool leaves the workpiece after each feeding motion, small chips 
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(fragments) stick to the machined surfaces and lateral machined face along down milling. 
This results to thicker and longer top down milling side burr (B4) as presented in Figure 2.18. 
According to Figure 2.19, considerable B8 height was first occurred when using low level of 
feed per tooth. During slot milling operation, the chip is often unable to be evacuated. 
Therefore, it sticks on the top side (along up milling) of the corresponding lateral machined 
face and it eventually leads to longer top burrs along up milling side (B8), in particular when 
using higher levels of cutting speed and depth of cut and lower level of feed per tooth (see 
Figure 2.19(a)). From Figure 2.20(a), it is evident that at lower feed per tooth, lower resulting 
value of B4 height is obtained for AA 2024-T351. When changing the feed per tooth to 0.1 
mm/z, shorter B4 is obtained for AA 6061-T6. This exhibits that as presented in Figure 
2.16(a), the interaction effects between material-feed per tooth (AD) has a significant effect 
on B4 height. Similarly, when lower level of feed per tooth is used, longer B8 is obtained for 
AA 6061-T6 (see Figure 2.20(b)). The difference between the B8 heights in both materials 
becomes smaller when changing the feed per tooth to upper level (0.1 mm/z).  
 
The B4 and B8 thickness are highly influenced by cutting speed and tool coating. As 
presented in Figure 2.21, at lower level of cutting speed, when using cutting tools with 
similar insert nose radius (Rε), lower resulting values of B4 and B8 thickness are obtained 
when using cutting tool 1 (TiCN, Rε = 0.5 mm). Vice versa, under similar cutting conditions, 
when cutting speed increases to 1200 m/min, thinner B4 and B8 are obtained when using 
cutting tool 3 (TiCN+Al2O3+TiN, Rε = 0.5 mm). This exhibits significant interactions 
between cutting speed and tool coating that largely affects both B4 and B8 thickness.    
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Figure 2.19 (a) 
 
 
Figure 2.19 (b) 
 
 
Figure 2.19  Direct effect plot of (a) B8 height, (b) B8 thickness  
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Figure 2.20 (a) 
 
 
 
Figure 2.20 (b) 
 
Figure 2.20  Interaction effect of material- feed per tooth (AD) on 
 (a) B4 height and (b) B8 height 
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Figure 2.21 (a) 
 
 
Figure 2.21(b) 
 
 
Figure 2.21  Interaction effect of tool-cutting speed (BE) on  
(a) B4 thickness and (b) B8 thickness 
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2.3.3 Response surface models  
 
Table 2.3 summarizes the governing factors and interaction effects on each of the five burrs 
studied. The optimum cutting conditions to minimize slot milling burrs are also presented in 
Table 2.3. It appears that the optimum process parameters setting levels to minimize each 
burr are different (see Table 2.3). None of the two tested materials systematically have a 
higher size when a specific burr is considered. The 3D response surface models of the 
optimum cutting condition are presented in Figures 2.22-2.23. According to Figures 2.22-
2.23, the B1 is the longest and thickest burr amongst other burrs studied. From Figure 2.22, it 
appears that the height of B2 and B5 are negligible as compared to other burrs. According to 
Figures 2.22-2.23, in some of the burrs studied, no linear relationship can be formulated 
between the burrs sizes and cutting parameters. This becomes more apparent when studying 
the burr height. This can be due to strong interaction effects between process parameters that 
pose complexity for precise estimation and modeling of burr height.  
 
Table 2.3  Statistical summary of results 
 
 
List 
 
Response 
characteristics 
Dominant process parameters at 
95% Confidence Interval 
 
Optimum process 
parameters 
setting levels 
Direct effects Interaction effects 
1 B1 height D, A, C BC,CD,DE,CE A2B2C1D1E2 
2 B1 thickness D, C, B, E BC,BD,AE,EE,DE A2B2C1D1E2 
3 B2 height B, C, E CE,EE A1B1C2D2E1 
4 B2 thickness C,B CE A2B3C2D1E2 
5 B4 height B,A,C AD,AE, EE, DD A2B2C2D1E2 
6 B4 thickness D,B,A - A1B2C2D1E2 
7 B5 height B, E, C AD,AE,EE,DD A2B2C1D3E1 
8 B5 thickness B,D - A2B2C1D1E1 
9 B8 height D, A - A2B2C1D3E1 
10 B8 thickness - BE,AB,AE A1B3C1D1E2 
A: Material; B: Tool; C: Depth of cut; D: Feed per tooth; E: Cutting speed   
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                                                                                        Figure 2.22 (a) 
 
 
 
                                          Figure 2.22 (b) 
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                                      Figure 2.22 (c) 
 
 
 
 
                                     Figure 2.22 (d) 
 
 
 
77 
                                       
                                Figure 2.22 (e) 
 
 
 
Figure 2.22  3D contour plot of burr thickness studied at  
optimum cutting conditions 
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                                      Figure 2.23 (a) 
 
 
 
                                      Figure 2.23 (b) 
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                                      Figure 2.23 (c) 
 
 
                                      Figure 2.23 (d) 
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                                      Figure 2.23 (e) 
 
 
Figure 2.23  3D contour plot of burr height at 
optimum cutting conditions 
 
Analysis of Variance (ANOVA) 
 
Three design models are used to statistically analyze the influence of process parameters on 
burrs size. By considering the statistical R2 and R2adj of design models for each burr (see 
Tables 2.4-2.5); it is evident that the variation of burr height in all studied burrs can not be 
statistically controlled by cutting parameters. Similarly, amongst studied burrs thickness, 
only B1 thickness could be controlled by cutting parameters. This means that except B1 
thickness, no accurate relationship can be formulated between the burrs size and cutting 
parameters.  
 
According to Table 2.5, the non-considerable difference between R2 and R2adj in linear and 
quadratic models of B1 thickness determines that the interaction effects between process 
parameters have an effect of 9.1% on variation of B1 thickness. In addition, a P-value of 0 in 
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each three models indicates that the models are adequate (see Table 2.5). Then linear model 
of B1 thickness will be used for further investigations. 
 
Table 2.4  Statistical summary of burr height models 
 
No.  Milling burr  Design Model R
2 
% 
R2adj 
% 
F  
ratio 
P 
value Remark 
1 
Exit up milling 
side burr (B1) 
Linear 14.2 5.3 1.59 0.18 Insignificant
2-Factor Interactions 57.5 42.3 3.77 0 Insignificant
Quadratic 57.8 39.6 3.19 0 Insignificant
2 
Exit bottom 
burr (B2) 
Linear 40.3 34.1 6.49 0.001 Insignificant
2-Factor Interactions 56.7 41.2 3.65 0.007 Insignificant
Quadratic 58.1 39.9 3.26 0.001 Insignificant
3 
Top Down 
milling burr 
(B4) 
Linear 59.5 55.3 14.1 0 Insignificant
2-Factor Interactions 76.1 64.4 8.85 0 Insignificant
Quadratic 77.6 67.9 8.03 0 Insignificant
4 
Entrance down 
milling side 
(B5) 
Linear 39.9 33.7 6.39 0.001 Insignificant
2-Factor Interactions 50.3 32.4 2.82 0.005 Insignificant
Quadratic 51.1 29.8 2.41 0.013 Insignificant
5 
Top up milling 
burr thickness 
(B8) 
Linear 26.5 18.8 3.45 0.009 Insignificant
2-Factor Interactions 36.7 14.1 1.61 0.117 Insignificant
Quadratic 50.6 29.2 2.36 0.015 Insignificant
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Table 2.5  Statistical summary of burr thickness models 
 
No.  Milling burr  Design Model R
2 
% 
R2adj 
% 
F  
ratio 
P 
value Remark 
1 Exit up milling 
side burr (B1) 
Linear 83.1 81.3 47.5 0 Significant 
2-Factor Interactions 90.3 86.8 25.9 0 Significant 
Quadratic 92.2 88.9 27.5 0 Significant 
2 Exit bottom 
burr (B2) 
Linear 22.9 14.9 2.85 0.024 Insignificant 
2-Factor Interactions 40.0 18.5 1.86 0.063 Insignificant 
Quadratic 46.1 22.8 1.97 0.043 Insignificant 
3 
Top Down 
milling burr 
(B4) 
Linear 14.1 5.04 1.56 0.186 Insignificant 
2-Factor Interactions 26.1 0 0.99 0.482 Insignificant 
Quadratic 28.1 0 0.90 0.575 Insignificant 
4 
Entrance down 
milling side 
(B5) 
Linear 35.8 29.1 5.35 0.005 Insignificant 
2-Factor Interactions 41.7 20.8 1.99 0.044 Insignificant 
Quadratic 42.1 17.2 1.68 0.094 Insignificant 
5 
Top up milling 
burr thickness 
(B8) 
Linear 19.8 11.5 2.38 0.052 Insignificant 
2-Factor Interactions 39.6 17.9 1.82 0.069 Insignificant 
Quadratic 46.9 23.95 2.04 0.036 Insignificant 
 
2.3.4 Controllable response  
 
According to presented results, under similar experimental conditions, relatively thicker B1 is 
obtained when studying AA 6061-T6. Therefore, the following sections only present the test 
results of AA 6061-T6. The relative contribution of milling parameters (Pareto chart) and 
main effect plot of B1 thickness in linear design model are shown in Figure 2.24. Based on 
Figure 2.24(a), feed per tooth (B), depth of cut (B) and tool (A) are the cutting parameters 
with the most contribution to variation of B1 thickness. According to Figure 2.24(b), at 
higher levels of feed per tooth and depth of cut, B1 thickness increases. From Figure 2.25(a-
c), it is observed that at higher levels of feed per tooth and depth of cut, B1 thickness 
increases at fixed cutting speed 1200 m/min, when cutting tools 1-3 are used, respectively. 
By assessing these plots, it could be inferred that, regardless the effect of feed per tooth, 
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depth of cut and cutting speed, B1 thickness decreases when cutting tool 2 with insert nose 
radius (Rε) 0.83 mm is used. 
 
Figure 2.24 (a) 
 
 
Figure 2.24 (b) 
 
 
Figure 2.24 (a) Pareto chart of B1 thickness in linear design model, 
 (b) Direct effect plot of B1 thickness 
 
0 10 20 30 40 50
Contribution to variation (%)
D:Speed
A:Tool
B:Depth
C:Feed Sig. at 5%
Not sig.
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Figure 2.25 (a) 
 
 
Figure 2.25 (b) 
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Figure 2.25 (c) 
 
 
Figure 2.25 2D contour plot of B1 thickness:  
(a) Tool 1, (b) Tool 2, (c) Tool 3 
 
Tangential cutting force (Ft) 
 
The ANOVA is applied to study the effects of cutting parameters on measured values of Ft in 
each trial. In order to have a better result analysis, three statistical design models as presented 
in Table 2.6 are used.  According to Table 2.6, the difference between R2 and R2adj in linear 
and quadratic models of Ft is about 9%. Therefore, as similar as the case of B1 thickness, 
linear design model of Ft will be used for further investigations. The Pareto chart and direct 
effect plot of Ft in linear design model are shown in Figures 2.26-2.27, respectively.  
 
From Figure 2.26, depth of cut and feed per tooth have a significant influence on Ft. Figure 
2.27 shows that increase in the feed per tooth and depth of cut increases Ft. This is due to 
direct effects of these two cutting parameters on chip thickness, which largely affects 
directional cutting forces. The cutting speed and tool have the least significant effect on 
variation of Ft as compared to feed per tooth and depth of cut. Figures 2.24(b) and 2.27 
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reveal that the use of larger insert nose radius (Rε) led to lower Ft and B1 thickness. 
According to Figure 2.28, exponential model is found as the best regression model for Ft and 
B1 thickness with 86.26% correlation coefficient (see Figure 2.28), followed by 
multiplicative and linear models with correlation coefficients of 84.41% and 79.89%, 
respectively. 
 
Table 2.6 Statistical summary of Ft design models 
 
No. Design models R2 % R2 adj % F-ratio P value 
1 Linear 89.43 88.34 81.29 0 
2 2-Factor Interactions 97.39 96.45 104.04 0 
3 Quadratic 97.83 96.89 104.34 0 
 
 
 
 
 
Figure 2.26  Pareto chart of Ft in linear design model 
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Figure 2.27 Direct effect plot of Ft 
 
 
 
Figure 2.28 Exponential regression model between Ft and B1 thickness 
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RSM based modeling 
 
Linear first order mathematical models (Eqs 2.5-2.10) are developed to predict Ft and B1 
thickness as a function depth of cut (ac) and feed per tooth (fz), when cutting tests were 
performed using various cutting tools: 
 
B1 thickness 
Bt,1 (Tool 1) = -0.035 + 0.71× fz + 0.025×ac R2 = 91.73% (2.5)
Bt,2 (Tool 2) = -0.043 + 0.71× fz + 0.065×ac R2 = 91.96%                (2.6)
Bt,3 (Tool 3) =   0.028+  0.86× fz + 0.034×ac R2 = 85.95%                (2.7)
 
Tangential cutting force (Ft) 
 
Ft,1 (Tool 1) = -47.65 –534.722× fz + 50.33× ac R2 = 93.42% (2.8)
Ft,2 (Tool 2) = -15.16 +156.5× fz + 23.38× ac R2 = 87.95%               (2.9)
Ft,3 (Tool 3) = -31.18 + 340.74× fz + 38.77× ac R2 = 91.58%               (2.10)
 
According to Eqs(2.5-2.10), B1 thickness and cutting force Ft could be linearly formulated as 
a function of ac and fz. 
 
2.4 Conclusion 
 
The slot milling burrs in AA 6061-T6 and AA 2024-T351 were comprehensively studied. 
Their formation mechanism and factors governing their creation were investigated using a 
multi-level full factorial design of experiment. According to experimental results and 
statistical analysis, the following conclusions are drawn: 
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• Burr size can be reduced significantly by selecting appropriate cutting parameters and 
cutting tools. However, optimum setting levels of process parameters to minimize 
each burr are different.  
 
• It was found that amongst the most of the burrs studied, the dominant process 
parameters on burr height have the opposite effect on burr thickness. Moreover, no 
mathematical relationship was formulated between burrs thickness and height. 
 
• Depth of cut, feed per tooth and tool (insert nose radius and coating) were found as 
the dominant process parameters on most of the burrs.  
 
• Exit burrs are highly affected by feed per tooth, depth of cut, insert end nose radius 
(Rε) and coating. Slot milling tests with higher levels of feed per tooth and depth of 
cut and smaller insert nose radius (Rε) led to longer and thicker B1 and shorter and 
thinner B2. According to experimental results, trials to minimize the B2 size led to 
thicker B1.  
 
• The side burrs, whether entrance or exit side burrs (B1 and B5) are mainly dominated 
by the feed per tooth. The top burrs are mainly affected by variation of cutting 
condition, chip evacuation dynamic, insert nose radius (Rε) and tool coating. 
 
• The significant effect of coating on slot milling burrs was observed in this study. This 
observation is in conflict with previous findings in the literature, stating minor 
influence of coating on face milling burr formation.  
 
• High speed machining has no significant effect on the top burrs size. Furthermore, 
cutting tools with very similar insert nose radius (Rε) to depth of cut generate primary 
exit bottom (B2) burr, regardless of the cutting speed used.   
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• Amongst the burrs studied, only exit up milling side burr (B1) thickness could be 
controlled by variation of cutting process parameters. Considering that cutting tool 
and spindle vibrations were controlled, it could be stated that factors governing slot 
milling burrs are not yet fully identified. In addition, burrs are highly influenced by 
interaction effects between process parameters that consequently pose difficulties in 
their precise modeling. This can be considered as a complex nature of slot milling 
burr formation. 
 
• It was also found that cutting force Ft has a very good correlation with B1 thickness. 
They both can be controlled by varying the feed per tooth and depth of cut. In 
addition, milling tests with larger insert nose radius (Rε) led to smaller Ft and thinner 
B1. 
 
• Increase the cutting speed led to decreased Ft and increased B1 thickness, 
respectively. However according to statistical analysis, cutting speed has the least 
significant effects on variation of Ft and B1 thickness than other cutting parameters. 
Therefore, linear mathematical models were presented to predict Ft and B1 thickness 
as a function of feed per tooth and depth of cut, when cutting tests were performed 
using various cutting tools. 
 
 
 CHAPTER 3 
 
 
 MODELING OF BURR THICKNESS IN MILLING OF DUCTILE MATERIALS  
3.1 Introduction 
Among machining operations, analytical modeling of burr formation in milling is very 
challenging. Most of reported works in the literature aim to measure and/or predict the burr 
height, but this information is not very useful for deburring purposes. The thickness of the 
burr is much of interest because it describes the time and method  necessary for deburring a 
workpiece (Aurich et al., 2009). However burr thickness measurements are costly and non-
value-added operations that in most of cases require the use of Scanning Electron 
Microscope (SEM) for accurate burr characterization. Therefore, to avoid such non-desirable 
expenses, the use of alternative methods for burr thickness prediction is strongly 
recommended.  
 
According to experimental results in chapter 2, it was found that exit up milling side burr 
(B1) is the longest and thickest milling burr. In addition, B1 thickness can be controlled by 
feed per tooth and depth of cut. In this chapter, an analytical model is proposed to predict the 
B1 thickness (Bt) in the exit up milling side burr (see Figure 3.1) during slot milling operation 
of ductile materials. The model is built on the geometry of burr formation and the principle 
of continuity of work at the transition from chip formation to burr formation that also 
considers the effect of cutting force on burr formation. For experimental validation, the Bt 
was recorded at four locations and the average of readings was taken as the burr size. We 
also anticipate proposing a procedure for computational modeling of Bt by assuming 
negligible effect of coated insert nose radius and cutting speed on Bt.  
 
A scientific article on proposed models was published in Journal of Advanced Manufacturing 
Technology in September 2012 (see ANNEX IV). 
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List Burr name 
B1 Exit up milling side 
B2 Exit bottom side 
B3 Exit down milling side  
B4 Top down milling side  
B5 Entrance down milling side 
B6 Entrance bottom side 
B7 Entrance up milling side 
B8 Top up milling side 
 
 
Figure 3.1  Slot milling burrs 
 
3.2 Theoretical modeling of milling burr thickness  
 
It is believed that when the cutting tool is about to exit the workpiece (see Figure 3.2), the 
positive shear angle, Φ, may have a transition to a negative value, β0. At a certain point, 
natural chip formation stops, and the sub-surface plastic deformation begins. This point is 
known as transition point (Ko and Dornfeld, 1991). It is believed that the work done for chip 
formation is equal to that done for burr formation at the transition point. Consequently, after 
this point, no further natural chip formation occurs (see Figure 3.2). The exit up milling side 
(B1) burr most likely forms when the cutting tool is about to leave the workpiece. The initial 
negative shear plane determines the location of the plastic hinge point, B. It is located where 
the initial negative shear plane crosses the end surface of the workpiece, and acts as a plastic 
hinge. It remains unchanged as burr is formed (Ko and Dornfeld, 1991).  
 
The following assumptions were used to develop the theoretical model: 
1. The model is based on the burr formation geometry. Burr formation in the exit zone is 
modeled as an orthogonal process, and consequently, the effect of the plunge depth 
and the cutter geometry is ignored. 
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2. The tool engagement and the onset of plastic hinging occur simultaneously in the exit 
zone. 
3. The transition from chip formation to burr formation occurs at the transition point.  
4. The work done for chip formation is equal to that done for burr formation at the 
transition point. 
 
 
 
 
Figure 3.2  (a) Exit geometry in end milling; (b) geometry of burr initiation and formation  
(adapted from (Ko and Dornfeld, 1991)) 
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According to (Ko and Dornfeld, 1991), in triangles APB and A'PB depicted in Figure 3.2(b), 
Bt is equal to PB, which can be expressed as: 
 
°PB = l sin  =  tanβ ω β′  (3.1)
 
Where β0 is the initial negative shear angle and ω is the tool distance to the end of the 
workpiece.  
 
From Figure 3.2, dθ and dβ are small angle. Therefore, based on Figure 3.2 (a) and triangle 
AAሖ B in Figure 3.2(b): 
 
AA  = Rd  = l dθ β′ ′  (3.2)
 
From Eq(3.1) 
 
°tanl  = 
sin 
ω β
β′  
 (3.3)
 
By considering that the maximum value of β may occur at 90º, Eq(3.3) becomes:  
 
°
2
°
0
 tan d  = Rd
sin 
π
θ
β
ω β β θβ   (3.4)
 
( )°°-  × tan × log tan  = R2
β
ω β θ  (3.5)
Rearranging Eq(3.5), the ω can be formulated as: 
 
( )°°
R= -
tan ×log tan 
2
θ
ω ββ
 (3.6)
 
 
Based on Eqs(3.1) and (3.6), the Bt is expressed using the following equation:  
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= -
( )
t °
°
RB = × tan  
log tan 
2
θ
ω β β  
 
(3.7)
 
 
According to (Ko and Dornfeld, 1991), by considering only a small advancement of the tool 
at the transition from chip formation to burr formation, the work done for cutting (chip 
formation) can be assumed as equal to the work carried out for burr formation by the 
continuity of energy. 
 
∆Wc = ∆Wb (3.8)
 
Where Wc is work done for chip formation and Wb is work done for burr formation. It is 
assumed that the total work done in the chip formation zone, Wc, for exit up milling side burr 
formation, could be approximated by the work done by Ft (see Figure 3.3), which greatly 
affects the friction on the exit side of the machined part. The effects of friction can be divided 
to three basic mechanisms, one due to asperity deformation, one due to adhesion, and the last 
due to particle ploughing. 
 
In orthogonal milling, friction coefficient (µ) can be approximated as (San-Juan, Martín and 
Santos, 2010): 
 
µ = tan (φ) = Fr × Ft-1 (3.9)
 
Where, Ft : tangential force;   Fr : radial force and φ is the instantaneous angle of immersion.  
 
The Ft and Fr can be calculated from the cutting force in the normal direction (Fy), feed 
direction (Fx) and axial direction (Fz) using the following transformation: 
 
-cos ( )      -sin ( )        0
 sin ( )       -cos ( )       0 =
   0                0                1
x t
y r
az
F F
F F
FF
ϕ ϕ
ϕ ϕ
                    
 (3.10)
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According to (San-Juan, Martín and Santos, 2010), at the beginning of cutting operation, the 
friction coefficient (µ) achieves high values until cutting conditions become stable. At the 
end of the tool revolution, it drops to lower values and in the zone where h(φ) changes from 
increasing to decreasing, it becomes stable. 
 
 
 
Figure 3.3  Slot milling under orthogonal cutting conditions  
(adapted from (San-Juan, Martín and Santos, 2010)) 
 
When Ft decreases, the tool face friction decreases, which leads to a corresponding increase 
in shear angle (Φ). The plastic strain associated with chip formation is thus reduced, which in 
turn decreases the exit up milling side (B1) burr size. 
 
Based on Figure 3.2(a), the total incremental tool distance travelled is Rdθ. Assuming that 
the burr formation occurs when tool is about to leave the workpiece, consequently, the total 
work done in the chip formation zone is:  
 
C t t
0
W = FRd  = FR
θ
θ θΔ   (3.11)
 
µ = tan (φ) = Fr × Ft-1 
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The energy required for burr formation in orthogonal machining has been estimated in (Ko 
and Dornfeld, 1991) as: 
 
0
= ( ) 20 eb 0 0 p
kW Cos + tan Rd a
2 4
θ σδ β β ω θ  (3.12)
 
Where k0 is the yield shear strength, σe is the yield strength, Rdθ is the tool movement 
distance since the onset of the plastic hinge B and ap is the depth of cut. Extending Eq(3.12) 
to the transition point in the milling exit region, the work done for the exit up milling side 
burr formation can be expressed as: 
 
Δ = ( ) 20 eb 0 0 pkW Cos + tan R a2 4
σβ β ω θ  (3.13)
 
According to the Von-Mises criterion for shear strength,
 
,  e 0= 3k  σ therefore, Eq(3.13) 
becomes: 
 
Δ = ( + ) 2e eb 0 0 pW cos tan R a42 3
σ σβ β ω θ   (3.14)
 
 
Substituting the Bt value in Eq(3.7) into Eq(3.14) yields to:  
 
Δ = ( + )    
 
2e e
b 0 0 t p
0
RW cos tan Ba
tan 42 3
σ σθ β ββ  
 
 
(3.15)
 
Based on Eqs(3.11) and (3.15): 
 
 = ( + ) 
 
2e e
t p 0 0 t
0
RFR a cos tan B
tan 42 3
σ σθθ β ββ  
(3.16)
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Eq(3.16) simplified as: 
0 0
0
( + )
 = 
2
t e p t
12 1cos tan
12 4F a B
tan
β β
σ β
      
 
 
(3.17)
 
 
Let us assume that: 
 
0 0
0
( + )
=
212 1cos tan
12 4A
tan
β β
β  
(3.18)
 
 
According to (Ko and Dornfeld, 1991), irrespective to workpiece material used, β0 = 20○ 
under various cutting conditions. By assuming the constant value of A in Eq(3.18) as a 
function of β0, Eq(3.17) will therefore become: 
 
 =t t e pF  B a Aσ   (3.19) 
 
According to Eqs(3.7-3.8 and 3.19) Bt can therefore be expressed as: 
 
=  tt
e p
FB
a Aσ
 
 
(3.20)
 
It is evident that the only unknown parameter in Eq(3.20) is Ft. In order to calculate the Bt 
and validate the model presented in Eq(3.20), the Ft can either be measured experimentally 
or estimated computationally. The next section fully describes the validation methods used in 
this study.  
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3.3 Experimental results and discussion  
 
The model presented in this study was validated experimentally by measuring the Ft. Slot 
milling tests were carried out under orthogonal cutting conditions on specimens with length 
38 mm; width 38 mm and thickness 12 mm. Table 3.1 summarizes the cutting parameters 
and their levels. The cutting tool and the workpiece materials were treated as qualitative 
factors, while the other remaining factors were quantitative. In total, 36 experiments were 
needed to complete the study, including 18 tests for each material. The experimental and 
modeling results obtained by using Eq(3.20) are shown in Table 3.2. 
 
The main experimental stages were as follows: 
 
1. Slot milling tests according to the process variables listed in Table 3.1, using a 3-axis 
CNC machine tool, as shown in Figure 2.1.  
2. Cutting force measurement using a 3-axis dynamometer (Kistler-9255B) with a 
sampling frequency of 10,000 Hz.  
3. Tangential force (Ft) measurement through each output signal. 
4. Burr thickness (Bt) measurement using an optical microscope, equipped with high 
resolution camera to capture the burrs images (see Figure 2.2). 
 
To develop the experimental set-up, the following assumptions were made: 
 
• Machining tests were assumed chatter-free. This condition was fulfilled by carrying out 
preliminary tests and checking the stability of cutting process.  
• The deflection of the tool and workpiece were assumed negligible. This condition was 
fulfilled using a rigid tool and workpiece fixtures. 
• Figures 3.4-3.5 are plotted to present the experimental and modeled values of Bt in each 
material. Three fitting models were used to study the correlation between modeled and 
experimental values of Bt in both materials. 
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Table 3.1  Cutting parameters and their levels 
 
Process Parameters Level 
1 2 3 
A: Cutting speed (m/min) 300 750 1200 
B:Feed per tooth (mm/z) 0.01 0.055 0.1 
C: Depth of cut (mm) 1 - 2 
D: Material AA 2024-T351 - AA 6061-T6 
E: Tool Z=3, Rε = 0.5 mm, Coating: TiCN+Al2O3+TiN 
Cutting fluid None (Dry machining) 
 
According to the linear and exponential design models are the best fitting models for AA 
2024-T351 and AA 6061-T6 with minimum correlation coefficients of 95.11% and 88.13%, 
respectively. 
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Table 3.2 Experimental and modeling results 
 
  
No. 
Process parameters AA 2024-T351 AA 6061-T6 
vc 
 (m/min) 
fz 
  (mm/z) 
ap 
 (mm)
Experimental 
Bt (mm) 
Modeled  
Bt (mm) 
Experimental  
Bt (mm) 
Modeled  
Bt (mm) 
1 300 0.01 1 0.053 0.057 0.055 0.057 
2 750 0.01 1 0.061 0.065 0.049 0.065 
3 1200 0.01 1 0.059 0.055 0.075 0.069 
4 300 0.055 1 0.089 0.123 0.125 0.096 
5 750 0.055 1 0.092 0.097 0.121 0.096 
6 1200 0.055 1 0.126 0.123 0.101 0.107 
7 300 0.1 1 0.124 0.146 0.176 0.173 
8 750 0.1 1 0.141 0.160 0.146 0.169 
9 1200 0.1 1 0.144 0.149 0.145 0.131 
10 300 0.01 2 0.064 0.081 0.116 0.088 
11 750 0.01 2 0.093 0.081 0.128 0.086 
12 1200 0.01 2 0.089 0.070 0.116 0.079 
13 300 0.055 2 0.121 0.142 0.133 0.144 
14 750 0.055 2 0.130 0.122 0.125 0.106 
15 1200 0.055 2 0.150 0.151 0.147 0.119 
16 300 0.1 2 0.166 0.186 0.200 0.187 
17 750 0.1 2 0.191 0.192 0.166 0.158 
18 1200 0.1 2 0.193 0.184 0.172 0.160 
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Figure 3.4  Experimental and modeled Bt for AA 2024-T351  
(using Eq(3.20))  
 
 
 
Figure 3.5  Experimental and modeled Bt for AA 6061-T6  
(using (Eq(3.20)) 
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Table 3.3 Statistical summary of regression models between  
experimental and modeled Bt 
 
List 
Regression 
Model 
AA 2024-T351 AA 6061-T6 
CC (%) R2 (%) F P CC (%) R2 (%) F P 
1 Linear 95.96 91.44 171.13 0 89.66 80.39 65.61 0 
2 Exponential 95.11 95.11 151.8 0 91.68 84.05 84.33 0 
3 Multiplicative 95.37 90.96 161.12 0 88.13 77.68 55.69 0 
 
3.4 Computational results and discussion  
 
In milling operations, the instantaneous chip thickness h(φ) varies periodically as a function 
of a time-varying instantaneous immersion angle (φ).The h(φ) can be approximated as:  
 
h(φ) = fz×sin(φ) (3.21)
 
Where fz is feed per tooth (mm/tooth).  
 
It must be mentioned that cutting forces are generated only when the cutting tool is in cutting 
zone: 
 
φst  ≤ φ  ≤ φex 
 
Where φst is entrance angle and φex is the exit angle. For a full slotting operation, φst and φex 
are 0 and π, respectively. It should be noted that there might be more than one tooth cutting 
simultaneously, depending on the number of teeth on the cutter and the radial width of cut. 
The tooth spacing angle or cutter pitch angle, θp, is given as:  
 
p
2=  
Z
πθ  
 
 (3.22)
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In this study, end mill tools with β = 30º, D =19.05 mm, and Z =3 were used. The effect of 
tool coating and Rε  on burr formation are not considered. In order to validate the model 
computationally, the tool was discretized to L elements of thickness dap through axial depth 
of cut ap. The bottom ends of the remaining flutes were at angles:  
 
(0) .  j P =  + jθ ϕ θ  (3.23)
Where j= 0, 1,2, ….N-1.  
 
 
According to (Altintas, 2000), at an axial depth of cut ap, the lag angle ,γ0, is: 
 
0 p= k × a  βγ   (3.24)
 
Where: 
 
2 tan k =  
Dβ
β
 
   
(3.25)
 
When the bottom point of a reference flute of the end mill is at an immersion angle (φ), a 
cutting edge point that is axially above will have an immersion angle of (φ-γ0). The 
immersion angle for flute j at axial depth of cut ap is: 
 
( ) = . -  j p p 0a jϕ θ γ   (3.26)
 
The chip thickness in flute j at axial depth of cut, ap, is: 
 
( ( )) = × ( )j j p z j ph a f sin d aϕ ϕ   (3.27)
 
The elementary cutting forces acting on the cutter in radial and tangential directions are 
expressed using the mechanistic equations as follows: 
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t
r
d = × ( ( ))  + × ( )
d = × ( ( ))  + × ( )
tc j j p te p
rc j j p re p
F K h a K d a
F K h a K  d a
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(3.28)
 
Where, dFt and dFr are the differential tangential and radial forces. The two coefficients, Ktc 
and Krc are specific cutting pressure coefficients provided by shearing actions in the 
tangential and radial directions, respectively, while Kte and Kre are the specific cutting 
pressure coefficients provided by the contact edge in the tangential and radial directions. The 
edge and shear coefficients can be extracted using orthogonal cutting tests, or average cutting 
forces. According to (Zaghbani et al., 2012), many authors have mentioned the dependency 
of average cutting forces to feed rate and speed. It is evident that this technique is relatively 
time consuming, especially when certain levels of cutting speeds and tools are employed. In 
addition, according to (Lauderbaugh, 2009; Mian, Driver and Mativenga, 2011a) and 
experimental results presented in second chapter of this thesis, the effects of cutting speed on 
burr size is negligible. Therefore to computationally validate the model presented in 
Eq(3.20), the effect of cutting speed on Bt can be considered negligible. Furthermore, in 
order to avoid repeating the preliminary tests for cutting force coefficients measurements, an 
alternative method is proposed to approximate the cutting forces using specific cutting force 
coefficient, Kc, with respect to material properties that can be found in material handbooks 
(Davis, Mills and Lampman, 1990).  
 
Differential tangential force (dFt,j) acting on a differential flute element with height dap is 
then expressed as: 
 
t.jd ( ( )) = ( ( )) ( )j p c j j p pF a K h a d aϕ ϕ × ×    (3.29)
 
 
According to (Davis, Mills and Lampman, 1990), in the case of milling, when hm ≠ 0.2 mm, 
the Kc  can be obtained using Eq(3.29): 
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(3.30)
 
Where, ha is the average chip thickness per revolution and Ks (N/mm2) is the specific cutting 
force coefficient when hm ≠ 0.2 mm.  
 
The hm can be calculated from the swept zone as:  
 
  ( )
( ) ( ) = = 
ex
st
z
ex ex
m z
ex st ex st
f sin d
cos - cos h f
- - 
ϕ
ϕ
ϕ ϕ
ϕ ϕ
ϕ ϕ ϕ ϕ
×
 
   
(3.31)
 
The Ks values for different materials when using various levels of feed rate (fr) can be found 
in (Davis, Mills and Lampman, 1990). By substituting obtained values of Ks and hm in 
Eq(3.30), the corresponding values of Kc under specific cutting conditions is obtained. Table 
3.4 presents hm, Kc and Ks values in each verification test performed on AA 6061-T6 and AA 
2024-T351. Using the prescribed method, an algorithm was written to calculate the h(φ) 
under various cutting conditions. Tangential forces were then approximated based on 
Eq(3.29). Therefore, differential burr thickness with respect to immersion angle in flute j, 
dBt,j(φj(ap)), can be presented in Eq(3.32):  
 
t.j
( ( )) × ( )
d ( ( )) = c j j p pj p
e p
K h a d a
B a
A a
ϕ
ϕ
σ
 ×   
 
(3.32) 
 
The following procedure (see Figure 3.6) is used to model the Bt in exit up milling side burr 
in MATLAB: 
1. Set the input variables, such as cutting parameters (ap, fz, n, φst, φex), tool geometry (Z, 
D, β), cutting constant (Kc) and cutter pitch angle (θp). 
2. Discretize the cutting tool into small elements of thickness dap. 
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3. Calculate the immersion angle (φ) for first flute j with respect to each flute’s bottom 
edge using Eq(3.23). 
4. Calculate the immersion angle due helix angle (β) for flute j (if the tool cuts the edge) 
using Eqs(3.24-3.29). 
5. Calculate the h(φ) in flute j at axial depth of cut ap  using Eq(3.27). 
6. Calculate the Kc (Eq(3.30)) by using hm value of the tested material obtained from 
Eq(3.31)). 
7. Calculate differential tangential force (dFt,j) acting on a differential flute element with 
height dap using Eq(3.29).  
8. Use of assumption made in the model; ∆Wc = ∆Wb and β0 =20º. 
9. Calculate Bt according to Eq(3.32). 
 
The computational model presented in Eq(3.20) was used to simulate the Bt according to the 
process parameters listed in Table 3.1. Simulated values of Bt as presented in Table 3.4 were 
then compared with those obtained through experimental measurements. Because of yield 
strength (σe) which is higher in AA 2024-T351 than in AA 6061-T6 (see Table 2.2), larger 
resulting values of Bt is obtained for AA 6061-T6 (see Figures 3.7-3.8). Statistical summary 
of regression models in Table 3.5 exhibits a significant agreement between simulated and 
experimental values in both materials, despite of ignoring the effects of insert nose radius 
(Rε), tool coating and cutting speed on cutting force and burr formation. The correlation 
coefficient between simulated and experimental values of Bt exceeds 92% in AA 2024-T351 
and 83% in AA 6061-T6 (see Table 3.5).  
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Figure 3.6  Scheme of the proposed theoretical model for Bt prediction 
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Table 3.4 Experimental and simulated results when Z=3; D=19.05 mm; β=30̊  
and vc =300m/min 
 
Test 
No. 
Process parameters AA 2024-T351 AA 6061-T6 
fr ap hm Ks Kc 
Bt,exp 
(mm) * 
Bt,sim 
(mm)** 
Bt,exp 
(mm) * 
Bt,sim 
(mm)** 
1 0.03 1 0.006 700 1908 0.053 0.055 0.055 0.065 
2 0.165 1 0.035 480 798 0.099 0.128 0.125 0.151 
3 0.3 1 0.063 400 559 0.124 0.162 0.176 0.191 
4 0.03 2 0.006 700 1904 0.064 0.057 0.116 0.067 
5 0.165 2 0.035 480 798 0.121 0.132 0.133 0.155 
6 0.3 2 0.063 400 559 0.166 0.167 0.201 0.198 
*: Experimental burr thickness;     **: Simulated burr thickness 
Table 3.5 Statistical summary of the regression models between 
 experimental and simulated results 
 
List Regression model 
AA 2024-T351 AA 6061-T6 
CC 
(%) 
R2 
(%) 
F P CC (%) 
R2  
(%) 
F P 
1 Linear 94.03 88.42 30.54 0 88.32 78.01 14.19 0.0196 
2 Exponential 92.06 84.75 22.23 0.0092 85.11 72.44 10.52 0.0316 
3 Multiplicative 96.10 92.36 48.36 0.0022 83.69 70.04 9.35 0.0377 
 
CC = Correlation Coefficient; F = F- ratio; P = P- value 
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Figure 3.7  Experimental and simulated Bt for AA 2024-T351  
(using Eq(3.32)) 
 
 
 
Figure 3.8  Experimental and simulated Bt for AA 6061-T6  
(using Eq(3.32))  
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3.5 Conclusion  
 
• The analytical and computational models are proposed to predict the exit up 
milling side burr thickness (Bt). The main advantage of the proposed models is 
that they are both sensitive to material properties and cutting parameters. The only 
unknown parameter in models is Ft, which is also a function of cutting parameters 
and material properties, and it could be easily predicted.  
 
• The proposed models do not require the experimental measurements of the shear 
angle (Φ), friction angle (λ) and tool chip contact length (L), unlike existing 
analytical burr size prediction models.  
 
• Regardless of different levels of process parameters and assumptions employed, 
both models were verified experimentally. Very good correlations were found 
between the experimental and modeled values of Bt in both materials. 
 
•  It was found that the Bt in ductile materials is highly sensitive to material 
properties such as yield strength (σe) and cutting force coefficient (Kc). 
 
• Because of yield strength which is higher in AA 2024-T351 than in AA 6061-T6, 
larger resulting values of Bt are obtained for AA 6061-T6 under similar cutting 
conditions. 
  

 CHAPTER 4 
 
 
SIMULTANEOUS OPTIMIZATION OF BURR SIZE AND SURFACE FINISH 
DURING SLOT MILLING OPERATION 
4.1 Introduction 
 
Nowadays due to growth of industrials competition, the use of suitable optimization methods 
for correct selection of process parameters is extremely necessary to avoid non- value added 
expenses. The optimization of process parameters requires a systematic methodological 
approach by using experimental methods and mathematical/statistical models (Gaitonde, 
Karnik and Davim, 2009). Fuzzy logic (FL), genetic algorithm (GA), Neural Network (NN), 
Taguchi method and response surface methodology (RSM) are the latest optimization 
techniques that are being applied successfully in industrial applications. Artificial neural 
network (ANN) is a computational learning system which attempts to simulate the human 
intuition in making decisions and drawing conclusions when presented with complex, 
irrelevant, and partial information (Karnik, Gaitonde and Davim, 2008). In the past, ANNs 
have been successfully employed to model several processes and also define the optimum 
conditions of process parameters (Tong, Kwong and Yu, 2004; Vafaeesefat, 2009).   
 
On the other hand, RSM-based models can be developed with minimum process knowledge, 
thus, saving time and cost in experimentation is anticipated. RSM has been also widely used 
for modeling and optimization of machining operations (Lee, Chung and Lee, 2011; Mandal, 
Doloi and Mondal, 2012; Moola, Gorin and Hossein, 2012; Yang et al., 2012). However the 
RSM models are only accurate for a narrow range of input process parameters, while 
developing higher order models requires a larger number of experiments (Karnik, Gaitonde 
and Davim, 2008). In order to perform GA optimization, developing an accurate model that 
describes the complex and nonlinear relationships between process parameters and 
performance characteristics (responses) is strongly required. Several methods such as 
desirability function were proposed for multiple responses optimization. In a recent study by 
(Niknam, Kamguem and Songmene, 2012), desirability function was employed to select the 
114 
optimum setting levels of process parameters for simultaneous minimization of surface 
roughness and exit burr size (thickness and height) during slot milling of AA 6061-T6. The 
obtained results were pretty close to optimum conditions.  
 
Amongst described methods, the Taguchi-based optimization method has produced a unique 
and powerful discipline that differs from traditional practices. It has shown a wide range of 
industrial applications for making the product/process insensitive to any uncontrollable 
factors such as environmental variables (Luo, Liu and Chen, 2008; Phadke, 1989). In 
addition, Taguchi method can be used to optimize the performance characteristics, while it 
can economically satisfy the needs of problem solving and design optimization with less 
number of experiments without the need for process model developments. The original 
Taguchi method is designed to optimize a single response (Gaitonde, Karnik and Davim, 
2009). However, most of the products have multiple responses, and hence, there is a need to 
obtain a single optimal setting level that can be used to produce products with optimum or 
near optimum characteristics as a whole.   
 
Optimization of multiple responses in Taguchi style experiments has received little attention, 
because Taguchi method can not be applied directly, as each response may not have the same 
measurement unit. Hence, it is extremely necessary to apply modifications to Taguchi 
method. A limited number of modifications to original Taguchi method has been suggested 
until now (Kilickap, 2010). Therefore, the objective of this chapter is to propose new 
modifications to application of Taguchi method for correct selection of process parameters 
and multiple responses optimization. The proposed methodology will be verified by 
presenting the optimum cutting conditions for burrs size and surface roughness optimization 
during slot milling of AA 6061-T6.  
 
The presented results in this chapter led to a journal article that was submitted to Journal of 
Precision Engineering and Manufacture in July 2012. 
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4.2 An overview of Taguchi Method 
 
Robust design is recognized as the most significant contribution of Taguchi method for 
improving the product quality and system reliability. A robust design drawn by Taguchi aims 
to obtain the lowest cost solution to the product design specifications based on clients 
expectations. The optimization of a process or product design using Taguchi approach can be 
accomplished upon fulfillment of concept design, system design, parameter design and 
tolerance design. Taguchi method based on factorial design of experiment divides the 
independent variables into controllable and noise factors. Controllable factors are those that 
can be maintained to a desired value, while noise factors are those that may not be controlled. 
Inadequate selection of these factors can lead to false conclusion, thus experimentations must 
be repeated. After selecting the factors, their desired number of levels is determined. The 
third stage is performed after completion of the parameters design. A robust design drawn by 
Taguchi method aims to achieve a robust process or product design whose response values 
are less sensitive to noise factors. Considering signal to noise ratio (SNR), the aim can be 
fulfilled by reducing the variability around target value through the use of quality loss 
function. 
 
The Taguchi method classifies quality characteristics to one of the following three types 
(Kilickap, 2010):  
• Larger- the- better 
10SNR ( ) -10log
N
-2
i
i=1
1 Y
N
η  =     
 
(4.1)
Where N is number of replications and Yi is response. 
• Smaller- the- better 
10SNR ( ) -10log  
N
-2
i
i=1
1 Y
N
η  =     
 
(4.2)
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The larger-the-better and smaller-the-better terms are applied to maximize and minimize the 
quality characteristics, respectively.   
• Nominal-the-better 
2
10 2SNR ( ) 10 log
m-η
σ
 
=   
 
 
(4.3)
Where: 
m = mean of responses 
σ = standard deviation of responses 
 
Upon successful implementation of the SNR to responses, it is then possible to reduce the 
mean values of responses while also minimizing their variances.  
 
The main critics drawn against Taguchi method are (Kilickap, 2010): 
1. The approach fails to adequately deal with situations where significant interactions 
between process parameters are present.  
2. The logic behind SNR is unconvincing and usually misleading. 
 
4.3 Proposed methodology 
 
In order to optimize the multiple responses, Taguchi design is not applied directly, as each 
response may not have the same measurement unit. Hence, it is extremely necessary to apply 
appropriate modifications to Taguchi method to obtain an objective function. This can be 
accomplished by proposing fitness mapping function (ψ) for each trial as: 
 
ψ = Mp (Y1; Y2; ….. Yn) (4.4)
 
Where, Mp is mapping function; ψ is fitness mapping function and Y1; Y2; ….. Yn are non-
identical responses in each trial.   
 
Each response has a range (R) as follows: 
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Yi :[0-Ri] (4.5)
Where, Ri is the maximum value of Yi that can be experimentally determined and/or can be 
maintained as a desired value followed by experience or modeling approaches.  
 
If n responses in each trial are studied, then the following relationships exist:  
 
0 ≤ Y1 ≤ R1  
0 ≤ Y2 ≤ R2 
  
(4.6)
0 ≤ Yn ≤ Rn  
 
In order to construct the ψ, each response within the range of [0-Ri] must be mapped into a 
fixed fitness range of [M-0], where M is the maximum value of fitness mapping range (MR). 
All objective functions may have the same contribution on the ψ. If not, weighting 
coefficients (ω) can be maintained for each response, which varies their level of importance 
on the ψ. When this level is equal to one, the ψ formed by combination of n objective 
functions in trial i can be presented as: 
 
21 n
i n
ψ ψ ψψ + + +=   
 
(4. 7) 
 
Where, ψ1, ψ2,.....,ψn are fitness mapping function of responses. In order to map response Yi 
with a range of [0, Ri] into ψi with a MR = [M,0], a mapping coefficient must be used as 
follows: 
 
1 1 1( )= M - ×Yψ μ  
2 2 2( )=M - ×Yψ μ  
  
( )n n n=M- ×Yψ μ  
 
(4.8) 
 
 
Where µ1,µ2,……µn are mapping coefficients of n responses. 
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Thus, mapping coefficients can be rewritten as:  
 
( )-11 1= R ×Mμ  
2 2( )
-1= R ×Mμ  
  
( )-1n n= R ×Mμ  
 
 
(4.9)
 
 
Combining Eqs(4.7) and (4.9) yields to Eq(4.10) as follows: 
 
1-( ) -( )1 n n
i
M Y M Y
n
μ μψ × + + ×=   
 
(4.10)
 
The Eq(4.10) can be rewritten as:  
 
n
i j j
j=1
1M Y
n
ψ μ = − ×    
 
(4.11)
  
When there are N replications, Eqs(4.4-4.11) must be used to calculate the ψi,……ψn.  
 
Taguchi recommends analyzing the mean response for each run in the inner array using an 
appropriately chosen SNR(η) that can serve as an objective function for optimization 
(Phadke, 1989). The process parameters governing objective functions could be determined 
using ANOVA. To this end, the Taguchi method`s category must be defined first (larger-the 
better, nominal-the-better and smaller-the-better). Considering the case of “lager-the-better” 
category, SNR (η) is then applied on constructed ψi in trial i as: 
 
10-10log ( )i
-2
iψη ψ=  
 
(4.12)
 
Overall mean (m) of ηψ is given by: 
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(4.13)
 
Effect of a factor level k for parameter P with total levels of L is: 
 
( ) ( )
, 1
1 N
ik p i
m
Lψη ψ
η
=
=    (4.14)
 
When Taguchi method in “lager-the-better” category is used, therefore, the optimum level of 
a factor P is the level with the highest SNR as follows: 
 
( ) ( )( )k,Pk,opt maxP m ψη=   (4.15)
 
Where k =1, …., L is level of process parameter.  
 
The (ηψ)opt under optimal condition can be determined as follows: 
 
( ) ( ) ( )( ) ( )ψ ψ ψTψ η η ηk,opt k ,p k ,p k ,pmaxP 1 η m m m=  = + −    
 
(4.16)
 
Where ( )( )ψη ,k p maxm is maximum SNR of ηψ in optimum level k of factor P and T is the total 
number of influencing process parameters on the responses.  
 
After introducing the optimum process parameters, the predicted optimum responses can be 
determined as: 
 
( , , , )
( , , , )
, , ,
k k k opt
1 2 n opt
A B Z
Y Y Y
k 1 2 L=



 
 
(4.17)
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Where: 
k =1,…,L is level of optimized process parameters; 
(Ak, Bk, …..Zk)opt are optimum process parameters setting levels; 
(Y1,Y2 …., Yn)opt are optimum responses; 
 
 
The mean value of each identical response characteristic i, when implementing N trials is: 
 
1
1( )
N
Y a i
i= a
m Y
N
 
=     
 
(4.18)
 
Where α = 1,…,N are the responses obtained in N replications. 
 
Suppose Yi is within the range of (B,C), where B and C are minimum and maximum values of 
measured/expected responses. Therefore the desirable range is when iB Y C.≤ ≤  In this case, 
desirability of each response (di) can be defined as follows:  
 
t
i
i
Y - Cd
B - C
 
=     
 
(4.19)
 
Where t is a weight exponent value.  
 
If the importance level of all responses is similar, t can be assigned as one. Therefore, the 
desirability of simultaneous objective function is a geometric mean of all transformed 
responses: 
1/
1/
1 2
1
 ( )
nn
n
i n i
i
D d d d d
=
 
= × × =   ∏  
 
(4.20)
 
Where n is the number of responses planned for optimization.  
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According to Eq(4.19), if any of individual desirability index of proposed optimum response 
(di,….dn) is 0, then Di becomes 0. This means that the proposed optimum condition is 
completely undesirable for multiple responses optimization. Therefore the process 
parameters must be revised (see Figure 4.1). 
 
The prediction error (ε) is:  
 
ψ
ψ
η
η
( )
100%opt
m
m
ψη
ε
−
= ×  
 
(4.21)
 
The optimization rate (κ) corresponding to each response is: 
 
( ) ( )
100%
( )
Y a a opt
Y a
m Y
m
κ
−
= ×  
 
(4.22)
 
The proposed procedure for multiple responses optimization using Taguchi method is 
presented in Figure 4.1 
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Figure 4.1  Procedure of multiple responses optimization using Taguchi method 
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4.4 Experimental results  
 
4.4.1 Experimental procedure 
 
Slot milling operations were performed on AA 6061-T6 specimens under the orthogonal dry 
cutting condition using a machine tool HURON - K2X10 (Power: 50kW, Speed: 28000 rpm 
Torque: 50 Nm). A multi-level full factorial design (33×2) with 54 trials was selected. The 
experimental factors and their levels are shown in Table 4.1. A coated end milling cutting 
tool with tool diameter (D) 19.05 mm was used.  As shown in Table 4.1, various levels of 
insert nose radius (Rε) and coating were used in experimental design plan. An optical 
microscope, equipped with high resolution camera was used to take the burrs images (see 
Figure 2.2). The burr size measurements were conducted on captured images. An average of 
minimum four burr thickness readings was taken as the burr size in this study (Table 4.2). 
Surface roughness measurements were conducted on a surface profilometer Mitutoyo SJ 400 
(see Figure 2.3).  
 
Table 4.1 Cutting parameters and their levels 
 
Experimental parameters 
Level 
1 2 3 
A: Tool  
Coating  TiCN TiAlN TiCN+Al2O3+TiN 
Insert nose radius, Rε (mm) 0.5 0.83 0.5 
B: Depth of cut (mm) 1 - 2 
C: Feed per tooth (mm/z) 0.01 0.055 0.1 
D: Cutting speed (m/min) 300 750 1200 
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Figure 4.2  Measurement overview of exit up milling side burr (B1) 
 
4.4.2 Analysis of responses  
 
The measured responses alongside their mean, maximum and minimum values are presented 
in Table 4.2. In analyzing the quality index parameters of machined parts (e.g. burr thickness, 
surface roughness), statistical models play an important role (Kilickap, 2010).  
 
Based on Figures 4.3- 4.8 and Table 4.3, it can be stated that: 
 
• Trials with larger insert nose radius (Rε) led to thinner B1, B4 and B5.  
• According to Figure 4.8, a negligible difference on Ra values is observable when 
changing the cutting tool 2 to 1.   
• Trials with higher levels of cutting speed led to thinner B1, B4, B5 and B8, while 
maximized the size of B2 and Ra.   
• Trials with lower level of depth of cut led to thinner B1, B4, B5 and smaller Ra. 
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Table 4.2  Experimental responses  
 
Test No. B1 (mm) B2 (mm) B4 (mm) B5 (mm) B8 (mm) Ra (µm) ψ ηψ 
1 0.040 0.106 0.067 0.067 0.102 0.105 70.547 36.969 
2 0.055 0.110 0.053 0.080 0.043 0.137 74.100 37.396 
3 0.085 0.089 0.087 0.062 0.054 0.147 70.911 37.014 
4 0.095 0.095 0.048 0.050 0.045 0.163 74.392 37.430 
5 0.080 0.084 0.082 0.055 0.047 0.234 72.070 37.155 
6 0.127 0.084 0.078 0.070 0.049 0.124 69.331 36.818 
7 0.134 0.084 0.104 0.077 0.072 0.298 62.373 35.899 
8 0.140 0.095 0.094 0.180 0.081 0.339 53.934 34.637 
9 0.142 0.072 0.090 0.115 0.056 1.499 49.261 33.851 
10 0.117 0.078 0.077 0.105 0.062 0.107 67.263 36.555 
11 0.085 0.078 0.174 0.072 0.033 0.109 65.801 36.364 
12 0.109 0.078 0.071 0.048 0.058 0.127 72.112 37.161 
13 0.123 0.134 0.068 0.067 0.071 0.181 64.783 36.229 
14 0.093 0.087 0.073 0.072 0.042 0.125 72.175 37.167 
15 0.139 0.062 0.051 0.118 0.042 0.343 67.118 36.536 
16 0.155 0.062 0.075 0.200 0.041 0.359 58.547 35.351 
17 0.154 0.039 0.083 0.128 0.050 0.319 63.938 36.115 
18 0.151 0.056 0.077 0.095 0.049 0.588 62.851 35.966 
19 0.030 0.051 0.050 0.063 0.069 0.101 79.128 37.966 
20 0.028 0.047 0.030 0.033 0.048 0.604 79.355 37.991 
21 0.034 0.056 0.047 0.048 0.075 0.169 78.742 37.924 
22 0.078 0.218 0.054 0.078 0.061 0.344 61.621 35.794 
23 0.048 0.134 0.044 0.062 0.055 0.702 67.593 36.598 
24 0.073 0.199 0.099 0.141 0.082 0.284 54.188 34.678 
25 0.081 0.051 0.093 0.067 0.077 0.493 67.065 36.529 
26 0.089 0.104 0.073 0.161 0.080 0.467 58.472 35.339 
27 0.085 0.178 0.078 0.051 0.041 0.440 64.254 36.158 
28 0.081 0.052 0.028 0.027 0.029 0.076 83.771 38.461 
29 0.086 0.037 0.040 0.057 0.100 0.094 74.786 37.476 
30 0.084 0.092 0.079 0.028 0.084 0.117 71.477 37.083 
31 0.155 0.122 0.075 0.035 0.098 0.517 59.005 35.417 
32 0.111 0.076 0.039 0.041 0.078 0.198 72.801 37.242 
33 0.142 0.113 0.064 0.086 0.131 0.321 57.459 35.187 
34 0.171 0.101 0.059 0.087 0.106 0.687 54.744 34.766 
35 0.149 0.109 0.095 0.111 0.087 0.710 52.338 34.376 
36 0.154 0.098 0.051 0.079 0.066 0.432 63.408 36.042 
37 0.055 0.064 0.043 0.066 0.076 0.342 73.886 37.371 
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Table 4.2 Experimental responses (continued) 
 
Test No. B1 (mm) B2 (mm) B4 (mm) B5 (mm) B8 (mm) Ra (µm) ψ ηψ 
38 0.048 0.101 0.042 0.076 0.063 0.295 72.881 37.252 
39 0.075 0.110 0.045 0.051 0.042 0.262 74.073 37.393 
40 0.125 0.065 0.133 0.079 0.135 0.432 55.011 34.808 
41 0.121 0.067 0.057 0.103 0.047 0.209 69.495 36.839 
42 0.101 0.042 0.061 0.076 0.064 0.512 69.306 36.815 
43 0.176 0.064 0.089 0.158 0.067 1.331 45.751 33.207 
44 0.146 0.104 0.045 0.069 0.051 0.918 60.595 35.648 
45 0.145 0.119 0.057 0.089 0.066 1.305 51.650 34.262 
46 0.116 0.050 0.044 0.059 0.064 0.292 72.644 37.224 
47 0.127 0.042 0.047 0.061 0.051 0.333 72.820 37.245 
48 0.116 0.051 0.040 0.069 0.035 0.273 75.015 37.503 
49 0.133 0.056 0.121 0.189 0.133 0.481 48.333 33.684 
50 0.125 0.063 0.063 0.088 0.062 0.257 68.376 36.698 
51 0.147 0.050 0.151 0.111 0.063 0.484 56.349 35.017 
52 0.205 0.080 0.074 0.060 0.080 1.250 50.736 34.106 
53 0.166 0.068 0.087 0.149 0.050 1.452 47.087 33.458 
54 0.172 0.092 0.051 0.134 0.044 1.494 49.197 33.838 
Max 0.205 0.218 0.174 0.200 0.135 1.499 83.771 38.461 
Average 0.111 0.085 0.070 0.085 0.066 0.444 64.906 36.148 
Min 0.028 0.037 0.028 0.027 0.029 0.076 45.751 33.207 
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Figure 4.3 (a) 
 
 
Figure 4.3 (b) 
 
 
Figure 4.3  (a) Pareto chart and (b) main effect plot of B1 burr thickness  
Where  
• Tool 1: TiCN,  Rε = 0.5 mm 
• Tool 2: TiCN+Al2O3+TiN , Rε = 0.83 mm 
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• Tool 3: TiAlN , Rε = 0.5 mm 
 
Figure 4.4 (a) 
 
 
Figure 4.4 (b) 
 
 
Figure 4.4  (a) Pareto chart and (b) main effect plot of B2 burr thickness  
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Figure 4.5 (a) 
 
 
Figure 4.5 (b) 
 
 
Figure 4.5  (a) Pareto chart and (b) main effect plot of B4 burr thickness  
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Figure 4.6 (a) 
 
 
Figure 4.6 (b) 
 
 
Figure 4.6  (a) Pareto chart and (b) main effect plot of B5 burr thickness  
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Figure 4.7 (a) 
 
 
Figure 4.7 (b) 
 
 
Figure 4.7  (a) Pareto chart and (b) main effect plot of B8 burr thickness 
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Figure 4.8 (a) 
 
 
Figure 4.8 (b) 
 
 
Figure 4.8  (a) Pareto chart and (b) main effect plot of surface roughness (Ra) 
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Table 4.3  Statistical results of responses 
 
 
List  
 
Responses  
 
R2 
% 
R2adj 
% 
P 
value 
F 
ratio 
Dominant process 
parameters at 95% 
confidence interval 
Optimum process 
parameters setting 
levels 
1 B1 90.31 86.82 0 25.92 Feed per tooth, Tool, 
Depth of cut, AB, DD 
A2B1C1D3 
2 B2 46.11 22.79 0.043 1.97 Tool, AC A3B2C1D2 
3 B4 28.11 0 0.571 0.9 - A2B1C1D3 
4 B5 42.18 17.19 0.093 1.68 Feed per tooth A2B1C1D3 
5 B8 46.91 22.79  0.036 2.04 Tool, Speed, AD A1B2C1D3 
6 Ra 76.58 66.54 0 7.56 Feed per tooth, Tool, 
AC,CC 
A1B1C1D1 
 
4.5 Multiple responses optimization  
 
As can be seen in Table 4.3, the best setting levels of process parameters for each response 
are different. In addition, B2, B4, B5 and B8 are not statistically controlled by process 
parameters as their P-value > 0.05. Therefore, correct selection of process parameters setting 
levels for multiple responses optimization is a challenging issue. The burr thickness in exit 
up milling side (B1) of machined parts is found as the most sensitive response to variation of 
cutting parameters, as compared to other burrs which are statistically known as insignificant 
responses. 
 
The Eqs(4.4 - 4.9) are used to calculate the terms required to construct the ψ as presented in 
Table 4.3. According to Eq(4.11), the fitness mapping function of trial i (ψi) can be 
constructed as in Eq(4.23): 
 
1( ) ( )1 6 6
i
×Y ×YM
n
μ μψ + += −   (4.23)
 
Where i = 1,….,n are non-identical responses in trial i.  
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By knowing that n = 6 and M =100, by replacing the presented terms (see Table 4.2) into 
Eq(4.23), the ψi  becomes: 
 
( ) + ( ) + ( ) + ( ) + ( ) + ( )1 2 3 4 5 6
i
66.66×Y 400×Y 400×Y 500×Y 400×Y 500×Y=100 - 
6
ψ  (4.24)
 
Upon applying the same procedure and implementing Eq(4.23) into responses, the ψi,….,ψN 
were constructed as shown in Table 4.2. As it was mentioned before, Taguchi method in the 
category of “lager-the-better” is used in this work. Therefore, Eqs(4.11-4.14) are used to 
calculate ηψ. The relative contribution of direct and interaction effects of process parameters 
on ηψ are presented in ANOVA table (see Table 4.5) and Pareto chart in Figure 4.9(a). As 
can be seen in Figure 4.9(a), feed per tooth (C), cutting tool (A) and their interaction effects 
(AC) are the main significant process parameters on ηψ. The R2 in Table 4.5 indicates that the 
model as fitted explains 83.06% of the variability in ηψ. Neglecting the effects of non-
significant parameters, the R2adj becomes 67.95%. Based on Table 4.5, P-value of 0 in model 
exhibits a significant model. 
 
Table 4.4  Response characteristic terms (n = 6 and N = 54) 
 
List 
Response 
Characteristic 
Index R Ri MR µi mY 
1 Ra Y1 0-1.5 µm 1.5 [100:0] 66.66 0.44 
2 B1 Y2 0-0.25 mm 0.25 [100:0] 400 0.111 
3 B2 Y3 0-0.25 mm 0.25 [100:0] 400 0.085 
4 B4 Y4 0-0.20 mm 0.20 [100:0] 500 0.0708 
5 B5 Y5 0-0.25 mm 0.25 [100:0] 400 0.085 
6 B8 Y6 0-0.20 mm 0.2 [100:0] 500 0.066 
 
 
135 
Table 4.5  ANOVA table for ηψ 
 
List Parameter DOF SS MS F P Remark 
1 A 2 5.746 2.873 -0.413 0.013 Significant 
2 B 1 1.034 1.034 -18.28 0.187 Insignificant 
3 C 2 50.9 25.45 3.42 0 Significant 
4 D 2 1.62 0.81 22.22 0.256 Insignificant 
5 AB 2 0.737 0.368 -17.62 0.529 Insignificant 
6 AC 4 9.442 2.36 21.51 0.009 Significant 
7 AD 4 2.891 0.722 23.32 0.303 Insignificant 
8 BC 2 0.146 0.073 -23.18 0.879 Insignificant 
9 BD 2 0.365 0.182 -21.77 0.727 Insignificant 
10 CD 4 4.933 1.233 22.91 0.097 Mid-significant 
11 Model 25 77.82 3.113 5.494 0 Significant 
12        R2 = 83.06 % 
13        R2 adj = 67.95%  
DOF: Degree of freedom; SS: Sum of square error; MS: Mean of square error; F: F ratio; P: P-value 
 
 
Figure 4.9  Pareto chart of ηψ 
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B:Depth
D:Speed
AD
CD
A:Tool
AC
C:Feed Sig. at 5%
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Figure 4.10  Main effect plot of ηψ 
 
The ANOM is used as a tool to firstly determine the main effect of each parameter on ηψ and 
secondly introduce the optimal setting levels of process parameters (see Figure 4.10). 
According to Eq(4.14) and Figure 4.10, the optimum condition to minimize the responses are 
cutting tool 2 (A2), depth of cut 1 mm (B1), feed per tooth 0.01 mm/z (C1) and cutting speed 
750m/min (D2). As presented in Table 4.6, using the proposed cutting conditions, the 
optimum values of burrs size and surface response are obtained. 
 
Eqs(4.19- 4.20) were then used to calculate the prediction error (ε) and desirability of the 
individual and whole proposed predicted optimum values (Yopt). According to Table 4.6, 
using the proposed setting levels of process parameters, the minimum experimental value of 
B1 was obtained. In addition, the obtained values of B2, B4, B5 and B8 are much lower than 
mean values (see Tables 4.6-4.7), very near to their minimum values. The predicted value of 
optimum surface roughness (Y1)opt is higher than Ymean. However while the surface roughness 
values vary widely when changing the cutting conditions (see Table 4.6), the obtained 
desirability level (d1= 0.60) is acceptable.    
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According to Eq(4.20), the desirability of proposed process parameters and responses is 
D = i
0.166(0.434) = 0.87  (see Table 4.6).  
 
Table 4.6  Desirability of proposed setting levels of process parameters  
 
List Response  
Characteristic 
Index Yopt 
(mm)
  Ymin 
(mm)
Ymax  
(mm)
Ymean 
(mm)
   σY Desirability 
(di) 
κ 
% 
1 Ra Y1 0.64 0.076 1.499 0.44 0.385 d1 = 0.60 -45 
2 B1 Y2 0.028 0.028 0.205 0.111 0.041 d2 = 1 74.7 
3 B2 Y3 0.047 0.037 0.218 0.085 0.037 d3 = 0.94 44.7 
4 B4 Y4 0.033 0.028 0.174 0.071 0.028 d4 = 0.96 53.3 
5 B5 Y5 0.033 0.028 0.2 0.085 0.037 d5 = 0.97 67 
6 B8 Y6 0.048 0.028 0.135 0.066 0.024 d6 = 0.81 79.2 
Di =0.87 , ε =1.3%      
 
Where ε is prediction error. 
 
The 3D surface plots in Figures 4.11-4.13 show the relationship between ηψ and feed per 
tooth and depth of cut, when using cutting tool 2 at constant levels of cutting speed. 
According to Figures 4.11-4.13, higher values of ηψ were obtained when cutting tests with 
lower levels of feed per tooth (0.01 mm/z) and depth of cut (1mm) were used. According to 
the main effect plot in Figure 4.10, variation of cutting speeds has relatively similar effect on 
ηψ. In addition, according to (Lauderbaugh, 2009; Mian, Driver and Mativenga, 2011a; 
Niknam, Kamguem and Songmene, 2012; Niknam and Songmene, 2012; 2013; Niknam, 
Zedan and Songmene, 2012), it has been statistically shown that the influence of cutting 
speed on milling and drilling burrs size is insignificant as compared to depth of cut and feed 
per tooth. Therefore to verify the adequacy of proposed process parameters, the new cutting 
tests were performed using cutting tool 2, lower level of the depth of cut, lower and center 
levels of feed per tooth and all tested levels of cutting speeds (see Table 4.7). Each test was 
repeated twice. The following passages present the experimental verifications.  
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Figure 4.11  3D contour plot of ηψ at cutting speed 300 m/min 
 
 
 
Figure 4.12  3D contour plot of ηψ at cutting speed 750 m/min 
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Figure 4.13  3D contour plot of ηψ at cutting speed 1200 m/min 
 
4.6 Experimental validation 
 
The following setting levels of process parameters as illustrated in Table 4.7 were used for 
verification tests. According to Table 4.7, six cutting conditions have been repeated three 
times. Having the verification results added to Table 4.2, the relative contribution and direct 
effects of process parameters on ηψ are presented in the main effect plot in Figure 4.14. The 
R2 statistic indicates that the model as fitted explains 84.73% of the variability in ηψ. The 
R2adj is 77.10%. The ψ and ηψ when using the verification tests were also calculated (see 
Table 4.7). From Table 4.7, the highest values of ψ and ηψ were obtained when using the 
cutting condition A2B1C1D2. This exhibits that the proposed optimum condition is verified 
under similar experimental conditions. The responses when using optimized condition are 
presented in Table 4.8. The Eqs(4.19-4.21) were then applied to the refined cutting condition 
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to calculate the Di, di and ε (see Table 4.8). From Table 4.8, using the proposed setting levels 
of process parameters, all responses are optimized 30-59%.  
 
Table 4.7  Process parameters used for verification tests 
 
Test 
No. 
Cutting 
condition Responses 
fz  vc  
B1  
(mm) 
B2 
(mm) 
B4 
(mm) 
B5 
(mm) 
B8 
(mm) 
Ra 
(µm) 
 
ψ 
 
ηψ 
1 
0.01  
300 0.049 0.052 0.044 0.053 0.057 0.295 78.17 37.86 
2 750 0.040 0.049 0.050 0.040 0.056 0.195 80.49 38.12 
3 1200 0.059 0.047 0.052 0.049 0.069 0.317 76.20 37.64 
4   300 0.122 0.171 0.057 0.074 0.062 0.45 60.73 35.67 
5 0.055  750 0.063 0.112 0.061 0.057 0.052 0.458 70.06 36.91 
6   1200 0.088 0.074 0.095 0.104 0.108 0.168 63.52 36.06 
7 
0.01  
300 0.038 0.059 0.044 0.041 0.068 0.377 77.35 37.77 
8 750 0.076 0.052 0.061 0.017 0.041 0.326 78.36 37.88 
9 1200 0.040 0.031 0.036 0.044 0.076 0.32 79.44 38.01 
10   300 0.087 0.084 0.037 0.035 0.057 0.434 73.65 37.34 
11 0.055  750 0.072 0.082 0.051 0.057 0.050 0.208 75.29 37.53 
12   1200 0.075 0.062 0.056 0.092 0.074 0.452 68.86 36.76 
13 
0.01  
300 0.119 0.053 0.038 0.054 0.040 0.164 76.62 37.69 
14 750 0.070 0.051 0.037 0.047 0.040 0.151 80.81 38.15 
15 1200 0.060 0.104 0.052 0.040 0.082 0.214 72.90 37.25 
16   300 0.100 0.136 0.052 0.071 0.034 0.433 67.67 36.61 
17 0.055  750 0.060 0.104 0.052 0.040 0.082 0.214 76.16 37.63 
18   1200 0.070 0.074 0.066 0.094 0.058 0.202 71.55 37.09 
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Figure 4.14  Main effect plot of optimized ηψ 
 
Table 4.8   Desirability of verified process parameters (A2B1C1D2) 
 
 
Responses  
 
Measurement tests   Ymean
 
 
Desirability 
(di) 
κ 
(%) Test 1 Test 2 Test 3 
1 B1 (mm) 0.040 0.076 0.070 0.224 d1 = 0.897 48.7 
2 B2 (mm) 0.049 0.052 0.051 0.062 d2 = 0.863 45.4 
3 B4 (mm) 0.050 0.061 0.037 0.050 d3 = 0.908 38.1 
4 B5 (mm) 0.040 0.017 0.047 0.049 d4 = 0.86 30.2 
5 B8 (mm) 0.056 0.041 0.040 0.034 d5 = 0.965 59.1 
6 Ra (µm) 0.195 0.326 0.151 0.045 d6 = 0.841 30.9 
Di = 0.88  ε = 1.1%      
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The proposed method could be used for various design of experiment models, such as multi-
level full factorial design and orthogonal array. It is to note that the use of Taguchi method 
for multiple responses optimization can become more accurate, if suitable modification 
techniques are adjusted to Taguchi method.  
 
4.7 Conclusion  
 
• This work has shown that surface roughness and burrs size are governed by different 
machining process parameters. According to experimental results, some burrs are 
governed by feed per tooth and cutting speed while others are controlled by tool 
geometry and feed per tooth.  
 
• New modification to application of Taguchi method is proposed for simultaneous 
multiple responses optimization. The methodology was verified by simultaneous 
minimization of surface roughness and exit, entrance and top burrs thickness of slot 
milled parts of AA 6061-T6.  
 
• The use of proposed approach has helped achieving better surface finish and 
acceptable burr size at the same time. The adequacy of proposed optimum cutting 
condition was reconfirmed through verification tests, achieving desirability level (Di) 
of 0.88 and a percentage error (ε) of 1.1%.  
 
• The findings in this work are in conflict with mentioned critics drawn against Taguchi 
method applications for multiple responses optimization. 
 
 
 CHAPTER 5 
 
 
SUBSTANTIAL SUMMARY OF THE RESEARCH WORK   
5.1 Introduction 
 
Burr formation is a common problem occurs in several industrial sectors, such as aerospace, 
ship construction, automobile, etc. It becomes an even more important issue when dealing 
with ductile materials, such as aluminium alloys. Any solution to prevent or at least 
minimizing burr formation starts by understanding the fundamentals of burr formation. 
Nevertheless, the burr formation minimization and prevention still require research and close 
attention. This therefore calls for a review of existing approaches.  
 
The research work presented in this thesis consisted of three aspects which construct the 
main and specific objectives of this research work (see Figure 5.1). The first aspect of this 
study is devoted to experimental and statistical studies to determine the factors governing 
burrs size during slot milling of aluminium alloys. The second aspect focuses on theoretical 
work, including predictive (analytical and computational) modeling of slot milling burrs in 
ductile materials. The simultaneous multiple responses optimization during milling (slotting) 
operation is the subject of the last aspect of this thesis. As described in introduction, all these 
three aspects are related to others and were designed for burr size minimization which is the 
main research objective of this work (see Figure 5.1).  
 
This chapter presents a discussion of the obtained results in each aspect and aims to link them 
with the proposed research objectives in this work. 
 
144 
 
 
Figure 5.1 The main and specific research objectives 
 
5.2 Dominant process parameters on slot milling burrs size 
 
Numerous research works employed experimental studies to identify the main effective 
parameters in milling operations and to optimize the cutting process, which is an acute 
industrial requirement. Due to complex mechanisms of burr formation, direct and interaction 
effects between process parameters, a large number of experiments is required to evaluate the 
effects of process parameters on burr formation and size (Lauderbaugh, 2009). In addition to 
massive expenses, the dominant process parameters on burr formation during oblique and 
orthogonal milling operations are still unknown. Therefore, the outcomes of experimental 
studies are not always consistent. This can be due to temperature effects, machine tool 
conditions, stability of cutting process, material properties, etc. For instance, (AM De Souza 
et al., 2003; Schäfer, 1978) showed that the low level of feed per tooth reduces the burr size, 
while (Jones and Furness, 1997; Kishimoto et al., 1981; Wang and Zhang, 2003b) revealed 
that increase in the feed per tooth reduces burr size. Furthermore, according to (Jones and 
Furness, 1997), the exit angle of 76○-118○ generate smaller burr, while, from (Luo, Liu and 
Chen, 2008), the largest burr size appears in exit angle of 90○. In addition, when dealing with 
dry high speed milling, limited information is available for adequate selection of cutting 
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parameters. According to (Klocke and Eisenblätter, 1997), dry cutting is a suitable approach 
for machining of aluminium alloys. However, except few works (Kim and Kang, 1997; 
Shefelbine and Dornfeld, 2004b; Songmene V., Khettabi and Kouam, 2012), very limited 
studies have considered the effects of high speed dry milling on burr formation.  
 
The proper selection of cutting parameters by means of burr size minimization becomes even 
more complicated in slot milling, particularly when various levels of machining parameters 
such as cutting tools with various end nose radiuses and coatings are used. Therefore, in 
order to remedy these lacks, the combination of statistical and experimental approaches was 
used in this work to better understand the burr formation mechanism and to define the factors 
governing burrs size during slot milling of aluminium alloys. To this end, a broad range of 
cutting tool parameters (coating and geometry), machining strategy (dry high speed) and 
cutting parameters (cutting speed, feed per tooth, and depth of cut) were used in experimental 
study. In order to better understand the effects of material properties on burrs size, two 
aluminium alloys of the same family were employed. The non-significant effects of material 
properties on most of the burrs studied exhibit that burr formation control is a delicate subject 
that requires further investigations.  
 
In order to minimize the exit and entrance burrs and facilating deburring operations, the 
transition of primary to secondary burrs must be conducted. This can be done by correct 
selection of process parameters. Based on statistical analysis, the optimum process 
parameters setting levels to minimize each burr are different. Consequently, it is difficult to 
optimize all eight slot milling burrs. According to experimental results, feed per tooth, depth 
of cut, insert nose radius (Rε) and coating are dominant process parameters on most of the 
burrs studied. However their influence on each burr is dissimilar.  
 
The side burrs, whether entrance (B5) or exit side (B1) burrs are dominated by the feed per 
tooth, material properties and depth of cut. The top burrs (B4 and B8) are mainly affected by 
variation of cutting condition, chip evacuation dynamic, insert nose radius (Rε) and coating. 
According to (Olvera and Barrow, 1996), tool coating has a negligible influence on face 
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milling burrs. However, a certain level of coating influence on slot milling burrs was 
observed in this work. Generally, a coated tool has a higher wear resistance and lower 
coefficient of friction than an uncoated one. The increased wear resistance has an influence 
on burr dimension. In addition, the coated inserts normally have a larger cutting edge radius 
than an uncoated one. This may cause ploughing effect and reduction in total deformation 
and friction, which consequently affects the burr size. This finding is in contrast with the 
conclusion made in (Olvera and Barrow, 1996), presenting a negligible influence of tool 
coating on face milling burrs dimension. 
 
Burr size is also strongly affected by variation of chip thickness h(φ). As mentioned before, 
in the milling operation, the h(φ) varies periodically as a function of time-varying immersion 
angle (φ) and feed per tooth. Immersion angle (φ) is directly affected in a large extent by 
depth of cut, pitch angle (θp) and tool geometry, including lag angle (γ0) and rake angle. 
Therefore, it could be inferred that the changes in cutting tool geometry and cutting 
parameters strongly affect the burr formation process. The presented outcomes were written 
as one conference and a journal article (see ANNEX I-II). The major contribution was 
accepted for publication in Institution of Mechanical Engineers (IMechE), Part B, Journal of 
Engineering Manufacture, in March 2013. 
 
5.3 Controllable responses 
 
The controllability of responses was evaluated using experimental and statistical analysis. 
Although most of the existing research works in literature aim to measure and/or predict the 
burr height, but in terms of deburring perspective, the burr thickness is the principle factor in 
burr removal. Therefore, no further studies by means of modeling and minimizing burr 
height were carried out in this thesis. Instead, more focus was paid to simultaneous 
optimization of burrs thickness and surface finish. This was extensively studied in chapter 
four. According to statistical results, a linear relationship was found between the thickest burr 
(B1) and Ft. As similar to B1 thickness, variation of Ft is mainly affected by cutting 
parameters. Linear first order mathematical models were developed to show that both Ft and 
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B1 thickness are a function of depth of cut and feed per tooth. Having this in mind helped us 
to assume that B1 thickness is highly affected by direct effects of process parameters. 
Therefore, it could be most likely modeled analytically as a function of cutting parameters. 
This is the subject of the second aspect of this work. Further theoretical works on this issue is 
the subject of the next section.  
 
A conference article on this topic was presented in 1st International Conference on Virtual 
Machining Process Technology (CIRP Sponsored Conference), which was held in Montréal, 
Canada, in May 28 – June 1, 2012. 
 
5.4 Milling burr size modeling of ductile materials 
 
Investigations on milling burr formation were conducted using experimental studies, 
analytical modeling and numerical methods such as FEM. Amongst; milling burr formation 
modeling has received less attention. Due to complexity of milling burr formation modeling, 
most of the previous studies were based on orthogonal cutting scheme (Toropov, Ko and Lee, 
2006). Burr formation in orthogonal cutting was studied as the plastic bending of non-cut 
parts of materials using minimum energy principles, the incompressibility assumption and FE 
modeling. However the FE models are strongly relevant to the accuracy of input boundary 
conditions, which are not yet advanced, and therefore are usually simplified. Furthermore, 
the results are strongly influenced by the software applied; time-consuming and generally 
experimental data are required for model construction. Moreover, only limited studies have 
proposed analytical models of milling burrs, which were only focused on exit burrs (Chern 
and Dornfeld, 1996; Ko and Dornfeld, 1996; Ko and Dornfeld, 1991). Ko and Dornfeld 
(1991) proposed a quantitative model of burr formation for ductile materials that does not 
include fracture during orthogonal cutting. They later improved their model by presenting an 
analytical model of material exhibiting fracture during burr formation (Ko and Dornfeld, 
1996). The burr size estimations were found accurate for less ductile materials (i.e. AA 6061-
T6 and AA 2024-T4), while the results of ductile materials were not consistent. In their 
model, the undeformed chip thickness was assumed uniform. This is not however the case in 
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most of milling processes that use the cutting tools with multiple flutes. Furthermore, their 
models require the use of experimental measurement and/or approximation of shear angle 
(Φ), friction angle (λ) and the tool chip contact length (L), when studying the cutting tools 
with multiple flutes. Therefore, to propose more accurate milling burr size models, these 
lacks should be remedied.  
 
Analytical modeling  
 
In this thesis, as similar as the method proposed by (Ko and Dornfeld, 1991), certain levels of 
assumptions were used, and the burr formation mechanism in ductile materials was divided 
into three parts including; initiation, development, and burr formation. The experimental 
results showed that the exit up milling side burr (B1) is the longest and thickest burr amongst 
those burrs studied. Therefore, the burr formation in the exit zone was modeled as an 
orthogonal process, and consequently, the effects of the plunge depth, cutter geometry and 
cutting speed were ignored. In order to consider the tool rotation angle and non-uniform chip 
thickness on burr formation process, a set of mathematical operations was applied on milling 
burr formation at the end of a cut. By considering only a small advancement of the tool at the 
transition from chip formation to burr formation, and according to principles of energy 
conservation theory, the work done for chip formation was assumed as equal to the work 
carried out for burr formation. Extending the theory, a mathematical model was proposed (Eq 
3.17) for burr thickness estimation. The validation results of analytical model correlate very 
well with experimental values. Further verification tests as shown in Figures 5.2-5.3 show 
that the variation of cutting speed has no significant effects on resultant force at different 
levels of feed per tooth.  
 
Computational modeling  
 
According to Eq(3.17), the only unknown parameter required to predict the burr thickness 
(Bt) is tangential cutting force (Ft), which could either be measured experimentally or 
estimated computationally. However, in order to simplify the model, computational 
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modeling approach was also established which enabled simulating the Bt with even no need 
of experimental measurement of Ft. In fact, by considering that the instantaneous chip 
thickness h(φ) varies periodically as a function of time-varying instantaneous immersion 
angle (φ), it was assumed that for a full slotting operation, the entrance angle (φst) and exit 
angle (φex) are 0 and π, respectively. In order to simulate the Ft in a full slot milling operation 
and consequently Bt simulation, an algorithm was established by discretizing the cutting tool 
into L elements of thickness (dap) through axial depth of cut (ap). The effects of lag angle 
(γ0), helix angle (β) and tool diameter (D) on immersion angle (φ) were also considered.  
 
The elementary cutting forces acting on the cutter in radial and tangential directions were 
expressed using the mechanistic force model. According to previous studies (Zaghbani et al., 
2012) and experimental results presented in this thesis, it could be inferred that Ft is mainly 
affected by feed per tooth and depth of cut, not cutting speed. Therefore, the effects of 
cutting speed on Ft and consequently burr formation was assumed negligible. In addition, to 
avoid repeating the preliminary tests for cutting force coefficients measurements, an 
alternative method was proposed to approximate the Ft using specific cutting force 
coefficient, Kc. The Kc values with respect to material properties can be found in (Davis, 
Mills and Lampman, 1990) and many material handbooks. The Kc was formulated as a 
function of average chip thickness per revolution (hm), when hm ≠ 0.2 mm. Differential 
tangential force (dFt,j) acting on a differential flute elements with the height of dap was 
formulated (see Eq 3.29). Therefore, differential burr thickness with respect to immersion 
angle in flute j, dBt,j (φj(ap)), could be calculated from Eq(3.32). The correlation rates 
between the simulated values of Bt and those obtained through experimental measurements 
exceed 92% in AA 2024-T351 and 83% in AA 6061-T6, respectively.  
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Figure 5.2  Variation of resultant cutting force during slot milling of AA 2024-T351 
 
 
 
Figure 5.3  Variation of resultant cutting force during slot milling of AA 6061-T6 
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It must be however noted that slot milling burr size prediction is extremely challenging due 
to effects of factors that are very difficult to model explicitly. In the presented models, a 
number of simplifying assumptions were used, including orthogonal cutting that ignores the 
flute geometry and the yield stress that was assumed uniform irrespective to cutting 
conditions used. Furthermore, micro structural effects, such as grain size and boundary 
effects were all ignored. The errors related to the effects of specific cutting pressures and 
coated tool on burr formation were also neglected. In addition, before cutting force 
measurements, the stability of machine and cutting tool were controlled in preliminary tests. 
  
A full overview of mathematical formulations performed for burr size modeling, analytical 
and computational burr thickness (Bt) models and statistical analysis were written as a journal 
article which was published in International Journal of Advanced Manufacturing Technology 
in September 2012 (see ANNEX IV). Furthermore, a summary of factors governing burrs 
during slot milling of aluminium alloys, alongside with computational model of the burr 
thickness (Bt) were presented in a conference article that was accepted for presentation in 
ASME 2013 International Manufacturing Science and Engineering Conference 
(MSEC2013), Madison, Wisconsin, USA June 10-14, 2013 (see ANNEX V).  
 
5.5 Multiple responses optimization in slot milling  
 
Knowing that the best setting levels of process parameters to minimize each response are not 
similar, the question drawn is how to obtain the best setting levels of process parameters to 
reach the optimum or near optimum burrs size. This issue becomes more complex 
considering that for a given machined part; cutting parameter optimization for only burr size 
minimization may frequently deteriorate other machining performances, such as tool life and 
surface roughness. Therefore, in this study, surface finish was also investigated.  
 
The main optimization concerns considered in this work are as follows: (1) simultaneous 
optimization of slot milling responses such as burrs and surface roughness, (2) optimization 
152 
of multiple responses using Taguchi method has received little attention; hence the 
importance of applying new modifications to the original Taguchi method is necessary.  
 
We conducted a study to use desirability function for simultaneous minimization of surface 
roughness and exit burr size (thickness and height) during slot milling of AA 6061-T6 
(Niknam, Kamguem and Songmene, 2012). In most of the responses, the proposed setting 
levels were pretty close to optimum conditions. Due to complex mathematical formulations, 
this approach cannot be easily and rapidly understood. The use of this method becomes even 
more complicated when dealing with non-statistically significant responses (e.g. burr height). 
In such cases, it is necessary to simultaneously define the best setting levels of process 
parameters and evaluate their desirability with respect to existing or proposed optimum 
responses using a predefined scale values. Therefore, in this work, new modifications to the 
original Taguchi method were suggested and verified for simultaneous multiple responses 
optimization. Upon selecting the optimum cutting conditions, prediction error (ε) and 
optimization rate (κ) corresponding to each response were defined. The new modifications 
can remedy the lacks mentioned. Nevertheless, the use of Taguchi method for multiple 
responses optimization may become more accurate when suitable modifications are adjusted 
to it.  
 
This part of the work has led to a conference article that was presented in ASME IMECE 
2012 (Niknam, Kamguem and Songmene, 2012), and a journal article which was submitted 
to Journal of Precision Engineering and Manufacture in July 2012 (see ANNEX VI-VII). 
 
5.6 Key contributions and outcomes of the thesis 
 
The key contribution of this thesis can be summarized to the following main points:  
 
1. By considering the complex burr formation mechanism in slot milling operation, a lack of 
information on factors governing burrs size (thickness and height) was observed. This 
shortcoming was intended to be unified by understanding the effects of cutting tool 
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conditions (coating and geometry), machining strategy (dry high speed) and cutting 
parameters (cutting speed, feed per tooth, depth of cut) on burrs size (thickness and 
height) during slot milling of aluminium alloys. In total five visible burrs were studied. 
The statistical techniques were then used in this work to better interpret the results. The 
factors governing burrs size (thickness and height) were clearly addressed. The 
controllability of each burr with respect to variation of process parameters was 
investigated using statistical analysis. The thickest burr (B1) was found sensitive to 
variation of process parameters and its linear first order mathematical models were 
developed as a function of depth of cut and feed per tooth. A very good correlation was 
found between Ft and B1 thickness. It was found that tangential cutting force Ft is highly 
controlled by process parameters. According to obtained results, it was intended to 
propose an analytical model of the thickest burr (B1) as a function of cutting parameters. 
This is the subject of the third chapter of this thesis. The experimental studies and results 
analysis could generate effective recommendations for burrs size minimization during 
slot milling of aluminium alloys.  
 
2. The burr formation in the exit zone was modeled. An analytical model was proposed to 
predict the thickest burr (B1). Certain levels of assumptions, mathematical modeling of 
burr formation and theory of energy conservation were used in modeling approach. The 
only model’s unknown parameter is cutting force Ft, which itself is directly affected by 
cutting parameters. A computational model was then proposed to approximate the Ft and 
consequently simulate the burr thickness (Bt). To this end, a computational algorithm was 
developed by discretizing the cutting tool into L elements of thickness dap through axial 
depth of cut, (ap). Using the cutting parameters, the instantaneous immersion angle (φ) 
and undeformed chip thickness could be calculated. The specific cutting force coefficient 
(Kc) with respect to material properties were used alongside with instantaneous 
immersion angle (φ) and undeformed chip thickness values to calculate the cutting force 
Ft and consequently simulate the Bt. The presented computational model is sensitive to 
material properties, cutting parameters (feed per tooth, depth of cut) and cutting tool 
geometry, such as lag angle (γ0), helix angle (β), tool diameter (D) and tool flutes (Z). In 
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addition both analytical and computational models in their present forms have 
capabilities for successful prediction and minimization of exit up milling burr thickness 
(B1). Unlike existing analytical models, the proposed models in this thesis do not need 
experimental measurements of shear angle (Φ), friction angle (λ) and tool chip contact 
length (L) for burr size measurement. 
 
3. Considering that the factors governing burrs and other machining performance 
characteristics such as surface roughness are different, a significant demand arises for 
multiple responses optimization. Using desirability function in a simultaneous 
optimization approach, it was proven that one could obtain better surface finish and burr 
size, if proper cutting parameters are used (Niknam, Kamguem and Songmene, 2012). 
New modifications to Taguchi method were proposed and verified by simultaneous 
minimization of surface roughness and thickness of five burrs during slot milling of AA 
6061-T6. The optimization results demonstrate the potential and capability of the 
proposed approach.  
 
According to experimental works in this thesis, an active process control to address the slot 
milling burrs characterization and minimization in aluminium alloys could be implemented. 
The obtained results can be later used for industrial implementations and in subsequent 
studies dealing with burr formation modeling in precision milling of aluminium alloys and 
other light metals. Furthermore, they can be used to find the optimum conditions and develop 
analytical and numerical models of burr formation. It could be inferred that the first objective 
of this thesis could be responded well according to presented results in second chapter. 
Knowing that the largest and thickest slot milling burr can be formulated as function of 
cutting parameters such as feed per tooth and depth of cut (see Figure 5.4), such 
understanding greatly helped us to propose and validate analytical and computational models 
of exit up milling burr (B1) thickness, which was extensively studied in the third chapter of 
this thesis. In other words, a direct relationship between the first and second specific 
objectives can be established. The outcomes are considered as a great achievement of this 
work, which also responded well to the second research objective in this work.  
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According to presented results in chapter 2, factors governing burr size are dissimilar. 
Therefore the use of simultaneous multiple responses optimization methods has been 
evolved. This subject was comprehensively studied in chapter four. Through the presenting 
results, we were able to determine the process setting levels that give us the optimum and/or 
near optimum results for all studied responses, using the modified approach of Taguchi 
method.  Therefore, it could be stated that the third specific objective of this work was also 
responded well. We may anticipate using the proposed optimization approach for multiple 
responses optimization of other machining operations, such as drilling and turning. 
Furthermore the obtained results in second and fourth chapters are highly related to others. 
Therefore, a direct relationship between first and third specific objective can be observed (see 
Figure 5.4).  
 
It is to note that a clear understating and approximation of burr size from predictive models 
(analytical and numerical) as presented in third chapter could be also applied as a guideline 
for better selection of deburring methods and it could be also used as a process window to 
better define the optimization conditions. Therefore a direct relationship between the second 
and third specific objectives can be also observed (see Figure 5.4).  
 
  
 
Figure 5.4  The links between main objective and specific research objectives  

 CONCLUSION 
 
Burr formation mechanism and patterns in slot milling of aluminium alloys were investigated 
in this work. Factors governing burrs size (thickness and height) were identified. Analytical 
and computational models were proposed to predict the longest and thickest burr. 
Considering that parameters optimization for only minimizing burr formation could 
frequently deteriorate other machining quality index, surface roughness and cutting forces 
were also investigated with burr formation. Multiple responses optimization during slot 
milling of aluminium alloys is presented. From analysis and discussion of results, the 
following conclusions are drawn:  
 
I. According to experimental results, feed per tooth controls most of burrs followed by 
depth of cut and tool geometry, depending on the burr considered. However factors 
governing each burr does not similarly identical for others. The side burrs, whether 
entrance (B5) or exit side burrs (B1) are dominated by feed per tooth, workpiece material 
and insert nose radius (Rε). The top burrs are mainly affected by variation of cutting 
conditions; insert nose radius (Rε) and tool coating.  
 
II. Factors governing slot milling burrs height and thickness were found dissimilar. 
Therefore no relationship could be formulated between the burr height and thickness at 
different edges of the machined part. One reason could be due to presence of strong 
interaction effects between process parameters which are difficult to observe and cannot 
be predicted by simple regression models. As a result, except few cases, empirical 
modeling of burrs size (height and thickness) was unsuccessful, particularly for slot 
milling, it does not serve a very good purpose.  
 
III. The milling burr formation in exit zone was modeled. The thickest burr (B1) was 
modeled analytically and computationally. Both models do not require the experimental 
measurements of shear angle (Φ), friction angle (λ) and tool chip contact length (L) for 
burr size measurement. The only unknown parameter in analytical model is cutting 
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force Ft, which could either be measured experimentally or simulated computationally. 
The use of specific cutting force coefficient (Kc), instantaneous immersion angle (φ) and 
undeformed chip thickness in computational model has shown a successful performance 
for consequently cutting force (Ft) and burr size prediction. The presented 
computational model is sensitive to material properties, cutting parameters and cutting 
tool geometry.  
 
IV. For simultaneous multiple responses optimization, application of a modified Taguchi 
method consisting of fitness mapping function (ψ) and desirability index (Di) was 
proposed. The proposed approach was used for simultaneous optimization of worked 
part surface finish and five burrs thickness during slot milling of AA 6061-T6. The 
adequacy of the individual and set of proposed setting levels of process parameters was 
evaluated. It was found that feed per tooth has the most significant effect on 
simultaneous minimization of slot milling burrs size and surface finish. 
 
 
 RECOMMENDATIONS  
 
As mentioned earlier in the introduction, the main purpose of this study was to propose new 
strategies for understanding, modeling and optimizing burrs during slot milling of aluminium 
alloys. To complete the study, it is suggested that investigations being extended to cover the 
following aspects: 
 
1. The temperature involved in the cutting process and the applications of cutting fluid 
have effects on burr size. The analytical and computational models could be 
improved by coupling with advanced cutting force and temperature modeling 
algorithms, which require only work-material properties and cutting conditions to 
predict the cutting forces and temperature during cutting operations. 
 
2. This work could be expanded in wider scopes by developing databases describing 
cutting conditions for optimal edge quality, and design rules for burr prevention as 
well as standard terminology for describing edge features and burrs.  
 
3. Attempting to present a strategy for real time estimation of burrs size using sensory 
information. This can be accompanied with strong signal processing algorithms, 
feature selection/extraction methods, advanced classification techniques and powerful 
data mining tools. The proposed setup can be also used for machine tool condition 
and health diagnosis. 
 
4. Expanding experimental works to more materials, cutting parameters and tool 
geometries to discover the effect of other parameters on the burr size (e.g. energy 
level, lubrication mode) using theoretical and/or experimental studies followed by 
statistical approaches. A link between the burr size and the deburring difficulty will 
also be welcomed.  
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ABSTRACT  
 
In this article, a multi-level experimental study on dry milling of 2024-T351 and 6061-T6 aluminum 
alloys is used to prescribe an operational window to control and minimize burr height (Bh) in milling. 
Maximum height of exit burr and exit up milling side burr were measured. Statistical tools were then 
used to define the dominant process parameters on Bh. The effects of feed per tooth, depth of cut, 
friction, tool coating, insert nose radius (Rε) and material properties on milling burrs profiles are 
discussed. The experimental results show that machining with larger Rε leads to bigger exit bottom 
burr and smaller exit up milling side burr. In addition, coated tools significantly affect Bh in slot 
milling operations.  
 
Key words: dry milling, burr height, cutting parameters, cutting tool, aluminum alloys. 
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ABSTRACT  
 
Burr formation and edge finishing are research topics with high relevance to industrial applications. 
To remove burrs, however, a secondary operation known as deburring is usually required. Deburring 
is more complex and costly when dealing with milled parts, because multiple burrs form at different 
locations with various sizes. Therefore, proper selection of process parameters to minimize the burr 
size is strongly recommended. Therefore, this requires an understanding of milling burr formation 
mechanism and the governing cutting parameters on milling burrs. In this article, a multilevel 
experimental study is arranged to investigate the effects of machining conditions, tooling and 
workpiece materials on burr size (height and thickness).  Statistical tools are then used to determine 
the dominant cutting parameters on burr size and to effectively prescribe an operational window to 
control and minimize burr formation. It was found that optimum setting levels of process parameters 
to minimize each burr are different. The analysis of results shows the significant effects of cutting 
tool, feed per tooth and depth of cut on slot milling burrs. 
 
 
Key words: Slot milling, aluminum alloy, burr formation, machining conditions, statistical analysis.  
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ABSTRACT  
 
Burr formation is a research topic with high relevance to industrial applications. According to 
deburring perspective, the thickness of the burr is of interest as it describes the time and method 
necessary for deburring of the machined part. Burr thickness (Bt) measurements are costly and non-
value-added operations which in most of the cases require the use of Scanning Electron Microscope 
(SEM) for accurate burr characterization. This study presents an experimental study to evaluate 
parameters affecting the burr thickness and to search for correlation between the cutting parameters 
and the burr thickness. Amongst investigated burrs, exit up milling side burr is found to be highly 
controlled with machining parameters. It has shown a high correlation rate with tangential force (Ft). 
Linear first order mathematical models are developed to predict exit up milling side burr thickness 
and Ft as a function of feed per tooth and depth of cut. 
 
Key words: dry milling, burr formation, burr thickness, cutting parameters, aluminum. 
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ABSTRACT  
 
Accuracy and surface finish play an important role in modern industry. The presence of undesired 
projections of materials, known as burrs, negatively affect the part quality and assembly process. To 
remove burrs, a secondary operation known as deburring is required for the post-processing and edge 
finishing of machined parts. The thickness of the burr is of interest as it describes the time and 
method necessary for deburring of the machined part. Burr thickness (Bt) measurements are costly 
and non-value-added operations that in most cases require the use of a scanning electron microscope 
for accurate burr characterization. Therefore, to avoid such expenses, the implementation of 
alternative methods for predicting the burr thickness is strongly recommended. In this research work, 
an analytical model for predicting the burr thickness in end milling of ductile materials is presented. 
The model is built on the geometry of burr formation and the principle of continuity of work at the 
transition from chip formation to burr formation that also takes into account the cutting force 
influence on burr formation. A very good correlation was found between the modeled and 
experimental Bt values. The model has shown a great sensitivity to material properties such as yield 
strength and specific cutting force coefficient (Kc). In addition, the sensitivity of the proposed model 
to the feed per tooth (ft) and depth of cut (ap) was considerably high. The proposed model allows the 
prediction of the thickness of the exit up milling side burr, without the need for experimental 
measurement and/or approximation of shear angle (Φ), friction angle (λ), and the tool chip contact 
length (L), unlike existing analytical burr size prediction models. Besides analytical modeling, 
statistical analysis is performed on experimental results in order to distinguish dominant process 
parameters on Bt. It is observed that the depth of cut and feed per tooth are the main parameters which 
significantly affect the Bt, while the speed has only a negligible effect on it. 
 
Key words: milling, aluminum alloys, modeling, burr thickness. 
 

 ANNEX V 
 
 
CONFERENCE ARTICLE 3: EXPERIMENTAL INVESTIGATION AND 
MODELING OF MILLING BURRS 
Proceeding of the ASME 2013 International Manufacturing Science and Engineering Conference  
June 10-14, 2013, Madison, Wisconsin, USA 
Article No: MSEC2013-1176  
 
Seyed Ali Niknam and Victor Songmene  
Department of Mechanical Engineering, École de Technologie Supérieure (ÉTS) 
1100, Notre-Dame West street, Montreal, QC, H3C 1K3, Canada 
 
ABSTRACT  
 
The burr formation is one of the most common and undesirable phenomenon occurring in machining 
operations which reduces assembly and machined part quality. Therefore, it is desired to eliminate the 
burrs or reduce the effort required to remove them. This paper presents the results of an experimental 
study and describe the influence of cutting parameters on slot milling burrs, namely top burrs and exit 
burrs. Statistical methods are also used to determine the controllability of each burr. A computational 
model is then proposed to predict the exit up milling side burr thickness based on cutting parameters 
and material properties such as yield strength and specific cutting force coefficient that are the only 
unknown variables in the model. The proposed computational model is validated using experimental 
results obtained during slot milling of 2024-T351 and 6061-T6 aluminium alloys. 
 
Key words: Milling, Burr, Modeling, Aluminium alloys. 
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ABSTRACT  
 
Taguchi-based optimization has been successfully applied in industrial applications. Some of these 
applications have more than one response to study. Most of reported applications of Taguchi method 
deal with single objective optimization, while multiple responses optimization has received relatively 
less attentions. The main objective of this article is to propose new modifications to application of 
Taguchi method by proposing fitness mapping function (ψ) and Desirability index (Di) for correct 
selection of process parameters setting levels that can be used for multiple responses optimization. 
The proposed approach is verified by simultaneous minimization of surface roughness and burr 
thickness during milling of 6061-T6 aluminium alloy. It was found that surface roughness and burrs 
size can be optimized by selecting appropriate setting levels of process parameters. According to 
experimental results, feed per tooth has the major influence on variation of burr size and surface 
roughness, while cutting speed has shown less significant effect as compared to other cutting 
parameters used.   
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ABSTRACT  
The burr formation mechanism and surface quality highly depend on machining conditions. Improper 
selection of cutting parameters may cause tremendous manufacturing cost and low product quality. 
Proper selection of cutting parameters which simultaneously minimize burr size and surface 
roughness is therefore very important, as that would reduce the part finishing cost. This article aims to 
present an experimental study to evaluate parameters affecting the exit burr size (thickness and 
height) and surface roughness during milling of 6601-T6 aluminum alloy. Desirability function, 
Di(x), is then proposed for multiple response optimization. Optimum setting levels of process 
parameters are determined for simultaneous minimization of surface roughness and exit burr 
thickness and height. It was found that the changes in feed per tooth and tool geometry and coating 
have significant effects on variation of Di(x).   
 
Key words: milling, burr size, aluminum alloys, optimization, desirability function, surface 
roughness. 
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